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The study of metal cluster compounds has gained considerable 
impetus as a result of the proposed similarity between molecular metal 
clusters and finely dispersed metals with respect to electron configuration 
2 
and surface structure , both of which are of great interest in the study of 
catalytic reactions. The study of these cluster compounds has also been 
stimulated by their unique structural and chemical properties. At the present 
time, hundreds of well characterized metal clusters are known, which 
represent a breakthrough in preparative and structural chemistry. 
The class of binuclear metal complexes is large and there are 
numerous examples of clusters with 3 or 4 metal atoms. However, clusters 
with 5 or more metal atoms are less abundant, with the majority belonging 
to the so-called high nucleanty metal carbonyl compounds, recently reviewed 
3 
by Chini . In these compounds CO is bonded to the surface of the metal 
cluster. 
The structures of the metal skeletons of gold clusters are 
related to the tetrahedron and the icosahedron. A tetrahedral or twinned 
tetrahedral construction is found in the smaller clusters with 4, 5 or 6 
atoms, while the centered icosahedron or fragments thereof is present in 
clusters with 7, 8, 9, 11 or 13 Au atoms. In the latter group, the peripheral 
gold atoms are each bonded to one ligand, as is often found for chemisorbed 
species on metal surfaces. Mostly a phosphine is bonded to the metal skeleton 
surface, but also (pseudo) halides occur as ligands. 
Simple Lennard-Jones calculations have shown that "polytetrahedral" 
structures are preferred for small metal clusters. Only when more than ca. 
50 metal atoms are present, the close packed structure (as found in macro-
scopic metal crystals) is the more stable. Experimental results for very 
1 
small metal particles are in accord with these predictions. An icosahedron is 
a slightly distorted polytetrahedron. So its occurence in small metal par­
ticles and in the gold clusters, which are described in this thesis, is in 
line with the theoretical considerations. 
This thesis describes the preparation and properties of gold 
cluster compounds. Three main subjects can be discerned: 
a) preparation and reactivity of gold clusters (Chapters 1-6) 
31 1 
b) Ρ [ Η] NMR studies to obtain information about their fluxional 
behaviour in solution (Chapter 7) and 
c) Extended Huckel Molecular Orbital calculations that give insight into 
197 
the metal skeleton bondinß and the Au Mossbauer spectra of gold 
clusters (Chapter 8). 
a) Preparation and reactivity of gold cluster compounds 
Gold cluster compounds can be prepared by three different 
4 
methods : I. reduction of Au(I) compounds; 
II. reaction with atomic Au prepared by the evaporation of 
metallic gold; 
III. interconversion of gold clusters. 
Especially the last method has been shown to be a convenient way to prepare 
gold cluster compounds in a high yield. As will be pointed out in this work, 
the study of the reactivity of gold clusters has not only led to a series 
of novel gold cluster compounds, but has also given a better understanding 
of the factors that govern their structural and electronic properties. 
[Au L ] (L=PPh ) has been shown to be a convenient starting material for 
4 
the synthesis of the majority of the presently known gold clusters . The 
Scheme shows the reaction pathways of [Au L ] with various Lewis bases, 
9 8 
2 
providing a survey of the main body of the synthetic work described in this 
thesis. The speed of reaction of cationic gold clusters with various neutral 
and anionic Lewis bases is amazing, since frequently via complicated 
fragmentation and recombination reactions other gold clusters are formed 
within minutes. 
Four different types of reaction can be discerned, and examples 
of every one of these can be found in the Scheme: 
г. dissociation-association reactions 
The remarkable reactivity of [Au L ] can be ascribed to the 
9 β 
dissociation of an [AuL] ion in solution, leaving the coordinatively 
unsaturated [Au L ] . The latter cluster could be isolated, and its 8 / 
intermediacy has been demonstrated in the [Au L ] ** [Au L ] inter-
conversion reaction. Association of one equivalent of [AuL] or L leads 
instantaneously to the formation of [Au L ] and [Au L ] respectively 
(Chapter 1). 
ii. fragmentation-recombination reactions 
Complex fragmentation and recombination reactions can occur. 
These can lead to smaller clusters as for example in the reaction of a 
cationic gold cluster with [Co(CO) ] (Chapter 1), iodide (Chapter 2) or 
bidentate tertiary phosphines (Chapters 4 and 5), but also to larger clusters 
as in the reaction of [Au L ] with CI or SCN . A number of these products 
could also be made by the reduction of Au(I) compounds or with the metal 
evaporation technique. Mostly, the reaction mechanisms for these reactions 
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Scheme The réaction pathways of [AuqL„J with various Lewis bases 
4 
2-4 Au atoms has been postulated . Attempts to isolate such a small inter­
mediate with the metal evaporation technique were not successful. However, 
these attempts brought the discovery of another interesting intermediate in 
the formation and reactivity of gold cluster compounds, the [Au L-] cluster 
(Chapter 2). 
iii. substitution reactions 
In this type of reaction the metal skeleton is maintained while 
the ligands are exchanged. In general the substitution of monodentate for 
bidentate phosphine ligands proceeds easily as will be described for a Au 
cluster in Chapter 3. Slow reactions have been reported in the case of the 
substitution of monodentate phosphine ligands by other monodentate phos-
phines or (pseudo) halides such as CI or SCN . 
iv. redox reactions 
Electrochemical investigations have shown that [Au L ] 
9 θ 
undergoes two consecutive reversible one-electron reductions resulting in the 
+ 5 2+ formation of [Au L ] . In this process the unique paramagnetic [Au L ] 9 0 9 о 
is formed. The redox reactions of the other gold cluster compounds are more 
complex and in general do not yield easily interpretable results. 
5 
b) Fluxtonal behaviour 
31 1 
The simplicity of the Ρ [ Η] NMR spectra of gold phosphine 
31 1 
clusters in solution is remarkable. High resolution Ρ [ H] NMR spectroscopy 
in the solid state or at variable temperatures in solution shows that some 
gold phosphine cluster compounds are fluxional in solution. Intramolecular 
rearrangements of the molecules, including the metal atoms, are responsible 
for the observed fluxionality. The rate of rearrangement varies greatly. 
[Au L ] shows fluxional behaviour even down to 150 K, indicative of a low 
9 θ 
energy of activation. A total standstill can be observed for gold clusters 
where the Au atoms are anchored by interconnecting bidentate ligands 
(Chapter 7) . 
c) Bonding in the metal skeleton 
Extended Hiickel Molecular Orbital calculations have given an 
insight into the metal skeleton bonding. They provide answers to long standing 
questions such аз the relative importance of the peripheral versus the radial 
metal-metal interactions in centered gold clusters. Furthermore they have 
197 
added to the understanding of the Au Mössbauer spectra of gold clusters 
(Chapter 8) 
The work described in this thesis has resulted in a series of 
novel well-characterized gold cluster compounds with fascinating structures 
and unique properties. A better insight has been obtained in their behaviour 
in solution, the metal skeleton bonding and the interpretation of their 
197 
Au Mösbbauer spectra. More recently the reactivity of gold cluster com-
pounds towards CO and isonitriles has been observed. This may lead to new 
6 
interesting compounds and reactions. Proper attention will be given to this 
subject in the near future. 
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CHAPTER 1 
Reactions of cationic Gold Clusters with Lewis-Bases. 
Preparation and X-ray Structure Investigation of 
[Au8L7](N03)2.2CH2Cl2 (L=PPh3) and Au6L4[Co(CO)4]2. 
J.W.A. van der Velden, J.J. Bour, W.P. Bosman and J.H. Noordik 
(Research Institute for Materials, Faculty of Science, 
Toernooiveld, 6525 ED Nijmegen, The Netherlands) 
Abstract 
The compound [Au0L_](N0-)_.2CH„C1„ has been prepared and well cha-
racterized by a variety of physical measurements, including a complete X-ray 
structure analysis. It crystallizes in space group P2 /n with Z=4 and the 
following unit cell dimensions: a=25.444(6), b=17.332(6), c=28.795(6) 8, 
8=97.66(3)°, V=12584.9 8 . The cation consists of a central gold atom sur-
rounded by 7 peripheral Au-L (L=PPh ) moieties in an icosahedrally derived 
structure, with the following important distance ranges: Au -Au = 
2.63-2.72 X, Au -Au =2.71-2.94 S and Au-P=2.24-2.36 S. per. per. 
Reaction of the coordinatively unsaturated [Au.L,,] (NO.,),, with 
Li[Co(CO).] results in the formation of the heterometallic Au.L [Co(CO) .]„ 
4 D 4 4 ¿ι 
on which a complete X-ray structure determination has been performed. 
This compound crystallizes in the tnclinic space group PÏ with Z=l and the 
following unit cell dimensions: a=13.672(6), b=13.524(4), c=14.160(5) 8, 
α=119.7212), Β=11θ.83(3), γ=71.32(2)0, V=1980.6 8 3. The centrosymmetnc 
molecule contains an Au-skeleton, which can be described as two tetrahedrons 
8 
with one common edge, with the Au atoms being bonded either to a phosphine or 
toaCo(CO) . Important distance ranges are Au-Au=2.62-2.81 8, Au-P=2.28-2.37 Ä 
and Au-Co=2.46 A. 
Introduction 
The reactivity of [Au LQ] (L=PPh ) towards Lewis bases has been 9 8 3 
an important issue of research in our laboratory during the last lew years, 
not only as a method to synthesize new gold cluster compounds, but also as a 
model for the interaction of a substrate with a metal surface. Thusfar the 
reaction of [Au L ] with L or X (X =C1 or SCN ) has been reported . 
2 + 2 3 
Preliminary X-ray results were published on [Au-L ] ' , prepared from the 
θ 8 









Although this reaction seems rather simple, the question arises how the bulky 
phosphine can react with the starting material [Аи,,!,-] , which is almost 
э о 
spherically screened by triphenylphosphine Uganda. The necessity of a disso­
ciative mechanism imposes itself, resulting in the formation of an intermediate 
which can be held responsible for the remarkable reactivity of the [Au-L ] 
Э 8 
cluster. 
Here we give a detailed report, describing this intermediate 
[AuDL ] and the reaction thereof with [Co(CO)J
-
 leading to the hetero-




С, H and N analyses were carried out in the micro-analytical department of this 
university. The other elemental analyses nere performed by Dr. A. Bernhardt, Elbach über Engels-
kirchen, Germany. Conductivity measurements were performed with a Metrohm Konduktoskop and a 
-1 2 -1 
Philips PR 9510/00 conductivity cell at 250C. Λ (Ohm .cm .eq ) values were obtained by extra-
i 31 1 0 
polation of Λ vs. С . P[ H] NMR spectra were recorded with a Varían XL-100FT spectrometer. 
197 
Infrared spectra were recorded using a Perkin-Elmer 283 spectrometer. The Au Mössbauer spectra 
6,7 
were recorded at 4.2 К using the apparatus described earlier 
Préparation (See also Table I) 
G 
[RhCl{C.H,,)„]„ has been prepared according to the literature . 
о 1ч 2 2 
[Au L ](N0 ) +: 8.60 gr. AuLNO (L-PPh ) was suspended in 200 «1 technical 96% 
9 о 3 3 3 3 
ethanol. To this suspension 156 mgr NaBH (noi. ratio 4:1) in 200 ml 100% ethanol was slowly 
H 
added, whereupon the solution immediately turned red. After one hour this solution was filtrated, 
evaporated to dryness and dissolved again in a minimal volume of CH CI p.A. . To remove any 
inorganic salts like borates, this solution is filtrated, evaporated to dryness and the residue 
is dissolved in THF p.Α., whereupon immediately the dark-green [ A u A ](N0 ) begins to deposit 
9 В 3 3 
from the red solution. After one day the solution is practically colourless and the pure 
compound can be isolated by filtration and washing with subsequently THF p.A. and n-hexane p.A. 
Yield 4.70 gr (70*). 
[Au L H N O ) : 4.40 gr [Au L ](N0 ) and 2.84 gr L (mol. ratio 1:10) are mixed 
DO ¿ £. У В J J 
in about 20 ml CH CI, p.A. . After 30 min. the red product is precipitated with 200 «1 toluene 
p.Α., isolated by filtration and washed with subsequently toluene p.A. and n-hexane p.A. . 
Yield 3.40 gr (83%) 
[ A U Ü L J ( N 0 , ) , + ; 2.46 gr [Au o Lj (N0, ) , is dissolved in 25 «1 CH.Cl, p.A. and 116 6 / 3 2 o B 3 2 2 2 
mgr [RhCl(C Ά ) ] (mol. ratio 4:1) is added as a solid, whereupon the dear-red solution imme-
8 14 2 2 
diately turns red-brown. After IO min. a light-brown product is precipitated with 200 ml toluene 
p.A. . This precipitate can be isolated by filtration and washing with subsequently toluene p.A. 
t 
The preparation of this compound has only been reported rather sketchily, therefore a detailed 
description seemed desirable. Compared to the original reports, the yields could be increased 
remarkably by slight alterations as described. 
10 




6( 3 1Р>* 
Elemental analyses 
Type of electrolyte* 
197 mm 
Au-Mössbauer parameters( /s) 
peripheral Au Q.S.: 
Ι.βΓ: 
central Au I . S . : 






4 0 5 7 . 0 7 β 
- 5 4 . 8 
4 1 . 5 ( 4 2 . 6 ) 
2 . 7 ( 2 . 9 ) 
1 . 0 ( 1 . 0 ) 







3.23 ( 3.04) 









3.06 ( 2.99) 
(0.76)( 0.79) 
44,41 (44,57) 







The first report on this compound was given In ref. 8. 
Theoretical values are given within parentheses. 
* Measured in methanol at 25 0C. 
" Isomer shift with respect to 1 9 7Pt source. 
Δ Central Au signal not observed separately. 
and n-hexane p.A. . The crude product always contains some [Au L ](N0 ) and [Au L ](N0 ) in 
3 0 J J O O J 2 
minor anounts as can be shown fron P[ H] NMR spectra. Purification is achieved by washing with 
a small volume of ethanol p.Α., whereupon the pure dark red-brown [Au L ](N0 ) , which remains 
on the filter, can be washed with n-hexane p.Α.. 
Yield 1.70 gr (74*). Crystals suitable for X-ray determination can be obtained by slow diffusion 
of diethylether into a methylenechloride solution. 
Li[Co(C0),] was prepared from Co.(CO) 0 and LiBEt.H in THF p.A. according to the in 2 8 J 
literature 
АиД [ C o ( C 0 ) , ] , t : 690 mgr [Au I ] ( N 0 ) was mixed with 75 «gr L i [ C o ( C 0 ) , ] (mol. 
6 4 4 2 8 7 3 2 4 
r a t i o 1:2) in 20 ml THF p.A. . A red-brown s o l u t i o n r e s u l t s w i t h i n h a l f an hour. This s o l u t i o n 
is f i l t r a t e d and p r e c i p i t a t e d with 50 ml hexane p.A. . The crude product is e x t r a c t e d with 20 ml 
toluene p.A. and from the f i l t r a t e a brown product i s p r e c i p i t a t e d with 50 ml n-hexane p.A. . 
A very small amount of a i r - s t a b l e dark red-brown c r y s t a l s , s u i t a b l e f o r X-ray s t r u c t u r e d e t e r m i ­
n a t i o n , were obtained by the d i f f u s i o n of n-hexane into a toluene s o l u t i o n . A l l solvents were 
c a r e f u l l y d r i e d before use by d e s t i n a t i o n over dr i-Na and the manipulations were c a r r i e d out 
under N atmosphere, using Schlenk apparatus. The i n f r a r e d spectrum shows - besides bands a t t r i -
butable to coordinated phosphine - y ( C 0 ) ' s at 2010, 1940 and 1885 cm , l y i n g at lower values 
than those in LAu[Co(C0),] ( 2 0 4 5 , 1975 and 1945 cm" ) . Due to the small amount of product no 
4 
other p h y s i c a l measurements have been performed. 
Structure Determination of [AuJjjNNO?)p. ZCHSlp 
a. Collection and reduction of the crystallographic data 
Single crystals of [Au L,](N0 ) .2CH CI loose rapidly the solvent molecules and 
0 ' 3 2 2 2 
therefore their crystallinity. Therefore a crystal, mounted in a sealed capillary on a CA04 
diffractometer, was used for data collection. The unit cell dimensions were calculated from the 
setting angles of 25 reflections having 16 0< 2S<S0Q . The crystal data are listed in Table II. 
The data were collected using the ω-2θ mode with a variable scan speed, with a maximum of 
45 sec/reflection. A total of 11212 reflections with 2 0< θ ^ . S " were recorded (±h,±k,±l). 
Three standard reflections were measured after every 1800 sec. of X-ray exposure time, whose in­
tensities decreased to 50% of the initial values, due to decomposition of the crystal. 
After averaging equivalent reflections (R - [ - [(ï||l| -|ϊ||)/Σ|ΐ|] ] - 0.056, including all 
reflections) 2Θ29 reflections remained of which 2180 had I> 3σ(Ι)ι (σ(ΐ) based on counting statis­
tics). The intensity data of the remaining 2829 reflections were corrected for Lorentz and polariza­
tion effects and then reduced to |F | values. Correction of the data For absorption was not done. 
о 
12 
b. Solution and refinement of the structure 
The structure was solved by a Patterson synthesis to find the position of the 
12 
gold atoms. The remaining non-hydrogen atoms were positioned by the DIRDIF-procedure and by 
difference Fourier-maps. All of 2Θ29 observed reflections were used in the refinement by full 
matrix least-squares methods, allowing anisotropic vibrations for gold and phosphorus, with con­
strained phenyl rings (including H-atons), nitrate ions and methylenechloride. The weigth w for 
2 2 - 1 
each reflection was calculated according to the formula w · [(σ + 0.03 F ) ] . The refinement 
converged to a R-value [ = Σ( [F | - IF |) / Z | F | ] of 0.056 and R = [-[ Zw(|F | - |F | ) 2 / W | F i V 
o c o w o c o 
] - 0.077. The atomic scattering Factors were taken from Table 2.2.В of thelnt. Tables Vol IV 
Η All crystallograhic calculations were executed with use of the X-RAY 76 programs 
Positional parameters are l i s t e d in Table III , se lected bond distances and angles in Table IV. 
Structure determination of Au L [Co(CO) ]„ 
a. Collection and reduction of the crystallographic data 
Crystallographic data of a crystal of 0.1x0.1x0.1 mn were collected on a single 
crystal CAD^f diffractometer using Ho Κα radiation (λ»0.71073 A), monochromated with a graphite 
crystal monochromator. The unit cell dimensions were calculated from the setting angles of 25 
reflections having 110<2Θ <220. The crystal data are listed in Table I I . The data were collected 
using the ω-2θ mode with a variable scan speed, with a maximum of 45 sec/reflection. A total of 
5443 reflections with 1.5 I ><0 < 18° were recorded (±h,±k,±l). Three standard reflections were 
measured after every 1800 sec. of X-ray exposure time. Their intensities decreased to 75£ of the 
i n i t i a l values, due to decomposition of the crystal. After averaging equivalent reflections 
(R = [ - [ ( Σ | | ΐ | - | ϊ | ) / Σ | ΐ | ]]= 0.06, including a l l reflections) 2723 reflections remained of 
which 1240 had Ι > 3 σ ( Ι ) , (σ(Ι) based on counting s t a t i s t i c s ) . The intensity data of the remaining 
2723 reflections were corrected for Lorentz and polarization effects and then reduced to I F | 
о 
values. Correction of the data for absorption has not been done. 
b. Solution and refinement of the structure 
The structure was solved by a Patterson synthesis to find the position of the gold 
12 
atoms. The remaining non-hydrogen atoms were positioned by the DIRDIF-procedure and by diffe­
rence Fourier-maps. All of 1240 observed reflections were used in the refinement by full-matrix 
least squares methods, allowing anisotropic vibrations for gold, cobalt and phosphorus atoms, 
with constrained phenyl rings and carbonyls. The weigth w for each reflection was calculated 
2 2 - 1 
according to the formula w - [σ + (0.005 F ) ] . The refinement converged to a R-value 
o o 
[ = Z(|F | - |F |)/l|F | ] of 0.078 and R - [ - [ Z W ( | F | - |F | ) 2 / W | F | 2 ] 2 ] _ O . 1 0 5 . 
o c o w o c o 
The relative high R-value is the result of a disorder in the phenyl groups. No attempts have 
13 
been made to solve the disorder problem, since the conformation of the backbone of the molecule 
nas our main interest. The atomic scattering factors nere taken from Table 2.2.В of the Int. 
Tables Vol. IV . All crystallographic calculations were executed with use of the X-RAY 76 
14 programs . Positional parameters are listed in Table V and selected bond distances and angles 
in Table VI. 
TABLE 11 cryit»! dati oí [Au.(PPh,),1(ЯО.), »пи Au.(PPh,)„ГСо<СО) 1 
в ΔΙ ΔΑ β 3 4 4 2 
apace group 
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4 4 4 ( β ) 
3 3 2 ( 8 ) 
7 9 9 ( β ) 
0 
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1 2 9 8 4 9 
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TABLI III* fractlonsl ooordinat·· (жіо4) and laotrople thoraal 
paraaatar· (ЖІ00, i 3) for lAu
e
(PPh3)7]<"03>a JCHjClj 
(•ad In paratbaaaa) 
A u d i 
A u ( 2 ) 
A U ( 3 ) 
A u ( 4 ) 
A u ( S ) 
Аи(в) 
A u ( T ) 
Аи(в) 
P ( 2 ) 
P ( 3 ) 
P ( 4 ) 
P ( S ) 
Ρ ( β ) 
P ( 7 ) 
P ( « ) 
»., - TtSt Ί 'j "ij 
1 
2 8 8 9 ( 1 ) 
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Results and Discuss ion 





Of ó ¿ ¿ ¿ 
a. Overall molecular configuration and раскгпд 
The crystal consists of catiomc gold clusters [Au L ] (Fig. 1) 
о / 
packed together with nitrate anions and CH CI molecules. An inspection of 
all non-bonding interactions does not reveal unusually short contacts. The 
[AuDL„] cation is totally asymmetric, not only ae the whole molecule but ö / 
also in the Au-P and Au skeletons. The nitrate ions and methylenechloride 
molecules were constrained to an ideal model, just as the phenyl groups. 
2+ Figure 1 Stereoview of the [Au0L-] cluster (L = PPh?) 
Of ύ 
b. The metal atom cluster 
The gold skeleton can be described as being derived from the regu­
lar icosahedral Au -cluster ' , by removing two and three gold atoms, res­
pectively above and below the centered hexagon, a common feature of all gold 
clusters containing 8,9,11 or 13 gold atoms (Fig. 2). 
In terms of coordination numbers, the central gold atom is seven 
coordinated, exclusively so by gold atoms. The peripheral gold atoms are all 
15 
2+ Figure 2 The Au skeleton of [AUJJ-] in relation to the regular icosa-
hedron. The dotted oirole represents the extra atom in [AuJjn] 
five coordinated, with the exception of Au(4), Au(7) and Au(8) with the coor­
dination number four. 
The mean centre-to-periphery gold distance is 2.68 A (See also 
Table IV), a value very near those of [Au L 0]
 +(2.70 8) ',[Au (P(p-tolyl) ) ] 
(2.71 S ) 8 and Au, Д P(p-FC Лі Ь],,!,, (2.68 S ) 1 7 , the shortest centre-to­ll о 4 J / J 
periphery distance is Au(l)-Au(8)=2.63 A. The mean peripheral gold distance is 
2.85 A, which is a normal value for the above mentioned centered gold clusters, 
where this distance lies between 2.81-2.98 A. As can be seen from these figu­
res, the peripheral gold distances are generally larger than the centre-to-
periphery (or radial) distances. In contrast with this, the [AuQL ] con-
tains one very short peripheral distance Au(3)-Au(5)=2.706(5) A. 
b. The metal-ligand system 
Every peripheral gold atom has one bonded triphenylphosphine 
ligand (Fig. 3). In contrast with [Au.L ] + (L = PPtu) the Au(l) in the 
о В 3 
centre of the cluster has no phosphine bonded to itself, so it is rather 
16 
2+ Figure 3 The Au-P skeleton of [Au-L-] with numbering scheme; 
phenyl rings have been omitted for clarity 
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exposed. Most of the Au-P vectors point approximately towards this central 
gold atom [<P-Au -Au(l) 160-172°] with the remarkable exceptions of <P(3)-
per. 
-Au(3)-Au(l) 133.0(6)° and <P(5)-Au(5)-Au(l) 145.6(6)°. In most centered 




(P(p-tolyl)_) ] where two sets of four equivalent angles 9 о 9 
8 
are present at 150° and 180° 
In [Au L ] the peripheral Au-P distances are in the range 
o Ö 
2.29(3)-2.33(3) A, in contrast with the considerable longer Au(l)-P distance: 
2.42(3) A (Fig. 4C). This fact suggested that the use of one equivalent of 
phosphine abstractor might lead to the abstraction of the phosphine ligand 
from the central gold atom. Indeed, the formed [Au L„] has no phosphine at-
tached to the central gold atom, but the overall Au-P skeleton differs as well 
from the starting material [AuQLD] . The change in structure consists mainly 
of a shift of the Au(3)-P(3) entity, from right above the Au(l)-P(l) axis, 
towards an icosahedral gold position (Fig. 4C+4B). By doing so, the overall 
Au-P skeleton shows a strong similarity to that of [Au L ] , from which it 
can be obtained by abstraction of an [AuL] -ion (Fig. 4A->4B). 
Figure 4 The Au-P skeletons of (Aug(P(p-tolyl)3)8J3+ (A), [AUgL^2* (B) 
and [AUgLg] (C); we assume that [Au-Lj is isostruatural with 
(A) based on similar chemical and physical properties, 
1Θ 
ι 3+ 
This is in agreement with the proposed dissociative equilibrium of [Au.L J 
У о 
in solution, resulting in the formation of [Au L„] and [AuL] . As was al­
ti / 
2+ 
ready pointed out in the text above, the P-Au -Au(l) angles in [Au L Q] 
per. α о 
are essentially linear (mean value 173°), while there are two seta of angles 
in [Au L-] . It is remarkable that in [Au L ] for the same groups as in 
9 θ 3 7 
[Au L ] similar sets of angles can be observed (<P(n)-Au(n)-Au(1); n=3,5 and 
Э о 
8 mean value 146", n=2,4,6 and 7 mean value 169°). It should also be remarked 
that the shortest peripheral Au distance occurs at the atoms with the strongest 
deviation from linearly inpointing Au-P vectors, at Au(3) and Au(5). 
,3+ 
Another intriguing resemblance to the [Au L J cluster can be 
197 
found in the Au Mössbauer spectra of both compounds, which show only one 
quadrupole doublet, with similar Mössbauer parameters in the range normally 
1Θ 
found for peripheral gold atoms bonded to phosphines . In contrast with all 
other centered gold clusters, where a single resonance line could be observed 
for the central atom, no separate signal could be seen in either of these two 
compounds, suggesting that the Mössbauer parameters of the central gold atom 
are almost the same as those of the peripheral gold atoms or that its inten-
sity might be too low to be detected separately. 
Description of the structure of Au.L [Co(CO) ] 
a. Overall molecular configuration and packing 
The crystal is composed of neutral molecules Au.L„[Co(CO)„]„ 
6 4 4 2 
(Fig.5). An inspection of all non-bonding interactions within each molecule 
and between different molecules does not reveal unusually short contacts. 
The molecule itself is centrosymmetric. 
19 
b. The metal atom cluster 
In describing the octanuclear Au-Co„ skeleton, it is feasible to 
b ti 
separate the Au and Co atoms, since the Co(CO) groups are coordinated to one 
Au atom each on the periphery of the gold skeleton. In this way it might be 
argued that Co(CO) functions only as a ligand. 
Figure 5 Stereoview of the Au„L [Co(CO) L cluster 
The gold skeleton itself can be described as two tetrahedrons 
with one common edge, which deviates from the squeezed octahedron in 
2+ 19 [Au=(P(p-tolyl)„).] . Tetrahedral constructions are,however,favoured for b ô b 
small non-centered gold clusters, as they have been reported in four instan-
ces: [Au5(PPh2CH2PPh2)3(PPh2CHPPh2)]2+ 2 0 , 2 \ A u ^ P P h ^ P P h ^ I , , 22, 
23 2+ 24 Au L (μ-Ι)„ and [Au„(PPh„(CH ) PPh ) ] . The mean Au-Au distance is 44 ¿ b 2 2 3 2 4 
2.76 X, ranging from 2.62-2.81 X. The distances Au(l)-Au(l') (2.66 8) and 
Au(2)-Au(3) (2.62 A) are among the shortest ever found for gold clusters. 
Considering the Co(CO) groups as anions, the charge on the 




TABLE V: fractional coordinates (xlO ) and Isotropic thermal 
parameters (xlOO, %2) for Aug(PPh ) [Co(CO) ] 2 (e.s.d. in 
parathesis). 










































TABLE VI: bond dletancea (Ä) and angles <0) for Aue(PPh_) . [Co(CO) . ] _ 
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a. The metal-ligand system 
Four gold atoms (1,1' ,2,2') are bonded to phosphine ligands, while 
the two apical gold atoms are coordinated to tetracarbonylcobalt (Fig.6). All 
Au-P distances are equal (2.29(3) A), at a normal value for gold phosphine 
clusters. The phosphines bonded to Au(l) and Aud') lie in the same plane as 
the four gold atoms of any of the two Au -diamonds and form an almost linear 
P-AuiD-Aud' )-P moiety [<P-Au( 1)-Au(l' )=178.6(9) 0 ] . The other two phosphines 
which are coordinated to Au(2) and AutZ') respectively are tilted above res-
pectively below the plane, their P-Au vectors pointing towards the centre of 
the nearest tetrahedron. Also the Co-Au vectors point inwards the tetrahe-
drons. The Au-Co distances (2.46 A) are identical to that in LAu[Co(CO) ] , 
with the Co(CO) group having the same slightly distorted trigonal bipyri-
midal coordination. In accordance with this, the IR spectra of both compounds 
show similar bands in the \>(C0) region, although there is a significant 
lowering of 35-60 cm . This lowering should be attributed to the higher 
electron density on the metal skeleton in the cluster, resulting in a larger 
fl-backdonation in the ir MO's of the carbonyls. 
CMÏÏÇ< 
Au(1)L¿^VAu(2 ) 
Figure в Schematic drawing of the Au„L¿[CofCO) .]. cluster 
0 4 4 ¿ 




We have indicated in a preliminary communication , that the re-
Ί 3 + ported reactivity of [Au0LD] towards Lewis bases can be ascribed to the ? о 
formation of an active species by a dissociative reaction in solution. 
[Au gL e]
3 +
 — » • [Au 8L 7]
2 +
 + [AuL]+ (eqn. 2) 
Since both compounds on the right hand side of eqn. 2 are coordinatively un­
saturated, both will react with Lewis bases. This can be shown very clearly 
31 1 in a P[ H] NMR experiment where η equivalents of L (n=0-8) are added to 
[Au L ] . In Figure 7 it can be seen how [Au L-] appears as an intermediate 9 ο θ / 
product, which ultimately is completely converted into [Au L ] when 2 or 
ο θ 
more equivalents of L are added. With increasing η the position of [AuL ] 
shifts towards the position of free phosphine, due to fast exchange processes. 
The peak belonging to [AuQLQ] does not shiftupon addition of phosphine. 
о о 
Until now there has not been an indication for any fast exchange 
processes (on NMR time scale) of gold phosphine clusters with free phoshine 
25 in solution, which is a behaviour well known for Au(I) compounds . Slow 




The reverse reaction of the one shown in Figure 7 is observed 
when the phosphine acceptor AuLNO is acting on a methylenechloride solution 
of [Au L ] . Since [AUgL ] is almost spherically screened by phosphine 
ligands, again a dissociative mechanism imposes itself: 
[Au 8L 8]
2 +
 ». [Au 8L 7]
2 +
 + L (eqn. 3) 
When two equivalents of AuLNO» are added to a solution of [Au L ] , the final 
J 0 8 
products are [AugL8] and [AuL.] . Resuming,these interconversion reactions 
proceed according to this scheme: 
23 
(a) (с) (d) 
Au9(PPh3)^ . 2 PPhj—»Au^PPh^ . AutPPh.^ 
via the intermediate Au^PPhfi' (b) 
-60 -50 -40 -30 




n = 2 
n = 3 
η =5 
η = β 
-20 -10 
(ppm relative to TMP m CDCI ) 
31„rl Si-Figure 7 P[ H] MR stick spectra, corresponding to [AuJj.] + η L 
(L=PPh^,n-0-8; all compounds give rise to singlets, a-[AuqL„] 
Ь=[Аи„Ь ] , c=[AuBL ] and d=[AuL ] ) , measured in СИ Cl , 
Z+ —2 —1 





f A u8 Le ] 
2+ 
AuLN0„ 
[AuL ] + AuLNO 
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2+ 
As can be seen from this scheme [Au L ] resides at a central place. We 8 7 
therefore designed a route to synthesize and isolate this species. We suc-
2+ 2+ 
ceeded in the preparation of [Au0L„] by reacting [AueL0] with the well 
о / 8 8 
known phosphine scavenger [RhCl(C H. .)_]_, in a molar ratio of 4:1 in CH„CI 




 + 1/4 [RhCl(C8H14)2]2 ».[Au8L7]
2+
 + 1/4 [RhClI^ ]., 
C8H14 
The [Au L ] could be isolated in a reasonable yield (74%). From its X-ray 8 7 
structure analysis it has clearly been shown, that this compound possesses a 
rather exposed central gold atom and should thus be reactive towards Lewis 
bases. In order to synthesize mixed metal clusters we reacted [AuQL ] with 
8 7 
[Co(CO) ] . From a number of as yet uncharacterized products, which were 
present in the reaction mixture, we succeeded in isolating a small amount of 
crystals of the Au.L^[Co(CO)„]„. 6 4 4 2 
Although a large number of mixed gold-transition metal compounds 
27 has been reported , only a few mixed metal clusters of gold and a transition 
2Θ 29 
metal are known at this moment: Os (CO) (AuL)X (X=H and halide ), 
29 30 
Os (CO) S2(AuL) and V(C0) (AuL) are some examples. 
A promising and interesting area which is currently under inves­
tigation, concerns the reactions of the coordinatively unsaturated [AuDL ] 
8 7 
with small molecules such as isocyanides and CO. 
25 
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CHAPTER 2 
Intermediates in the Formation of Gold Clusters. 
Preparation and X-ray Analysis of [Au7(PFh3),] ; 
Synthesis and Characterization of [Au8(PPh3)gl]PF6. 
J.W.A. van der Velden, P.T. Beurskens, J.J. Bour, W.P. Bosman, 
J.H. Noordik, M. Kolenbrander and J.Α.К.M. Buskes 
(Research Institute for Materials, Faculty of Science, 
Toernooiveld, 6525 ED Nijmegen, The Netherlands) 
Abstract 
The evaporation of metallic gold into a toluene solution con­
taining PPh (L), leads to the formation of a number of compounds, from which 
the heptanuclear [Au L-] can be isolated as the major constituent. An X-ray 
analysis has been performed on a single crystal, space group PI with cell 
dimensions: a=34.94(l), b=44.25(2), c=15.45(l) J?, a=99.98(3), 0=102.66(3), 
γ=θθ.11(3) 0, V=22953.5 X 3 and Z=8. The final R-value is 0.099. 
The gold atoms in the [Au L ] cation form a slightly distorted pentagonal 
bipyramid, which is a novel feature for heptanuclear metal clusters. The axial 
Au-Au distance (avg. 2.5Θ4 + 0.001 A) is the shortest distance ever found in 
gold clusters. The axial-equatorial and equatorial-equatorial Au-Au distances 
have mean values of 2.82 + 0.08 and 2.95 + 0.06 S respectively. All P-Au 
vectors point approximately to the centre of the cluster with normal P-Au 
# 
The identity of the anion is uncertain 
28 
distances (2.27 + 0.09 A). Physical data including Au Mossbauer and 
31 1 
(solid state) Ρ [ Η] NMR are reported. 
[Au L ] can also be observed during the reaction of L with the 
novel compound [Au
o
L-I]PF_. The latter cluster could be prepared from the 
8 6 6 
reaction of [Au L ] with Bu N1. 
The intermediacy of the title compounds in the formation and 
reactivity of gold cluster compounds will be discussed. 
Introduction 
The synthesis and the reactivity of gold phosphine clusters has 
been thoroughly studied during the last few years . The fast formation of 
gold clusters containing 9 or 11 gold atoms by the reduction of Au(I) com­
pounds can be observed under mild conditions, e.g. with ethanolic sodium 
borohydnde as reducing agent at room temperature. Conversion reactions can 
occur for cationic gold phosphine clusters with Lewis bases, leading to other 
τ 3+ 
gold clusters within minutes. In particular the reactions of [Au L J 
(L=PPh ) have been studied intensively, showing that it can function as a 
starting material for the synthesis of gold clusters ranging in size from 
4 to 11 gold atoms . The presence of small intermediates, containing 2-4 Au 
atoms, has been suggested both during the formation and the conversion reac­
tions of these compounds. 
As the metal evaporation technique has proven to be a successful 
2 
method for the synthesis of gold clusters in good yield , we tried to isolate 
such a small intermediate from the reaction of gaseous gold atoms with L in 
toluene. This attempt was not successful, but led, however, to the discovery 
of a novel gold cluster compound, the heptanuclear [Au L ] . Ρ [ H] NMR 
experiments show that it is also formed quantitatively in the reaction of 
29 
excess L with [Au0L I]PF_, which i s a novel product obtained from the r e a c t i o n 8 6 о 
of [AUrjL·-] with Bu N1. The bruto formula and the s t r u c t u r e of the Au_ 
c l u s t e r was found by X-ray a n a l y s i s . Physical data are provided for both 
novel compounds in t h i s r e p o r t . 
E x p e r i m e n t a l 
Measurements 
Elenental analyses and molecular weight determinations were carried out in our 
nicroanalytical department and by Dr. A. Bernhardt, Elbach über Engelskirchen, West-Germany. 
Ρ [ Η] NMR spectra were recorded on a Varian XL-100 FT (solution; Ρ 40.5 HHz) or a home-
3
 31 
built NMR machine (solid state; Ρ 72.9 MHz), IR spectra on a Perkin Elmer 2Θ3, ESR spectra on 
197 4 
a Varian E12 and Au Mb'ssbauer spectra with the apparatus described earlier . All solvents 
were of reagent grade and used without further purification. 
Preparations 
[^A.][H0.). (L-PPh.) and A U L U - I ) . were prepared according to the 9 8 3 3 3 4 4 2 
literature. 
Preparation of [Au L ] : 
2 
Using the rotary metal evaporation apparatus , 800 mg Au (ca. 4.0 mmol) was 
evaporated into 300 ml of toluene containing 1.60 g of L (ca. 6.1 mmol) at -100 0 C , resulting 
in a dark red-brown slurry. After warming up to room temperature the reaction mixture consisted 
of a brown solution and a brown solid. The latter could be isolated by filtration. The brown 
solid is washed with 20 ml of acetone from which by precipitation in 200 ml of petroleum ether 
(40-60) a compound is isolated,containing the [Au L ] cation and an as yet unidentified anion. 
A dark brown solid remained after filtration and washing with diethylether. Yield 20-30% (on A u ) ; 
crystals suitable for X-ray analysis could be obtained by slow diffusion of diethylether into 
an acetone solution. Since OH is the most probable counterion (see text below), it can be cal­
culated that [ A u L ] ( 0 H ) , С H,„
 c
Au,0P_, has a molecular weight of 3231.838, anal., c a l e : 
7 7 126 106 7 7 
С, 46.83; H, 3.31; Au, 42.66; Ρ, 6.71; 0, 0.505S, found: С, 43.94; Η, 3.21; Au, 42.68; Ρ, 6.70«. 
-1 2 -1 
Conductivity measurements in acetone indicate a 1:1 electrolyte (Λ =150 Ohm .cm .mol" from the 
. о 
extrapolation of Λ versus с ). Ρ [ Η] NMR, solution, sharp singlet (linewidth 3Hz) at room 
30 
teaperature at -48.70 ррш (СН Cl ; Kith decomposition), -48.65 pp« (THF) and -48.15 рря (acetone) 
31 1 
dounfield relative to TUP ( OP(OHe) ). Ρ [ Η] NMR, solid state, two overlapping peaks at 
-47.6 and -57.4 ррш dounfield relative to 85% Η PO (Figure 1 ) . IR, KBr pellet, only bands 
-1 
originating Fron coordinated PPh could be detected, except for a weak broad band at 1600 cm , 
which originates from the anion. ESR, no signal could be detected in the solid state or in 
solution (THF), as expected for a compound with an even number of electrons. 
-476 
-120 - 8 0 
-40 0 40 
ppm rel to 85·/. H3PO4 
Figure 1 Solid state 1P [^H] NMR spectrum of [Au^^ 
197. 
The *" Au Mössbauer spectrum has been fitted uith two pairs of lines in agreement with the two 
different gold sites present in [Au L ] (Figure 2 and Table I ) . 
The preparation of [Au.L I]PF : 06 D 
0.50 g of [Au L ](N0 ) was dissolved in 20 ml of methanol and cooled to -60 0C. 
9 8 3 3 
A solution of excess Bu N1 (0.45 g; mol. ratio 1:10) in 10 ml of methanol was slowly added in 
about 5 minutes. The colour of the reaction mixture remained dark-red. A brick-red solid was 
precipitated From this solution by adding the cold reaction mixture dropwise to a solution of 
0.20 g NH PF in methanol (50 ml). The process of precipitation can be accelerated by the addition 
4 0 
of water. The precipitate was isolated by filtration. To remove any traces of B u N I it was washed 
4 
with a mixture of methanol/water ( 7 0 / 3 0 ) . Y i e l d : 0.40 g (85% on Au). [ A u D L . I ] P F c , С, H A u F I P , 
0 0 0 108 90 8 0 7 
M-3421.383, a n a l . , c a l e : С, 3 7 . 9 1 ; H, 2 . 6 5 ; Au, 4 6 . 0 6 ; F, 3 . 3 3 ; I , 3 . 7 1 ; Ρ, 6.34%, found: 
31 
С, 38.18; H, 2.57; Au, 46.23; F, 3.38; I, 3.66; Ρ, 5.26%. Electrical conductivity measurements 
-1 2 -1 
in acetone and DHSO indicate a 1:1 electrolyte (Λ in acetone 101 Ohm .cm .mol , in DMSO 24 
- 1 2 1 ° i 
Ohm .си . mol , fro« the extrapolation of Λ versus c z ) . By the osmometric pressure procedure 
the apparent molecular weight uas found to be 1710 in acetone. Assuming a 1:1 electrolyte, не 
obtain for the real molecular weight 3420 (cale: 3421.383). IR, Csl pellet, only bands origi­
nating from coordinated PPh, and PF" could be detected. ESR, no signal could be detected as 
" 3 6
 1 9 7 
expected for a cluster of this type with an even number of electrons. The Au Hössbauer spectru» 
could be fitted with tuo guadrupole pairs (Figure 2 and Table I). According to the Hössbauer 
parameters and the relative intensities of these two pairs, the one with the largest intensity 
was assigned to the gold atoms to which the phosphines are bonded and the other to the gold atom 
coordinated to the iodine. Ρ [ Η] NMR, CH Cl , a sharp singlet (linewidth 3 Hz) at room tem-
31 1 
perature at -53.60 ppm downfield relative to TMP. The solid state Ρ [ Η] NMR spectrum shows 
only a broad peak (linewidth 1460 Hz) at -56.0 ppm downfield relative to 85% Η PO . 
ЕЧС 'f M/ít 
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197 
Au Mössbauer parameters of [Au L ] and [Au L I]PF 
7 7 8 6 o 
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Crystal structure determination of [Au-tPPh ) ] 
Collection of the reflection intensities: 
Crystallographic data of a crystal of 0.4x0.1x0.05 яш неге collected on a single 
crystal Nonius CAO-4 diffractoieter using Ho Κα radiation (λ=0.70930 К ) , nonochromated uith a 
graphite crystal monochromator. The unit cell diiensions uere calculated fron the setting angles 
of 25 reflections having 16<Ι<2Θ<220. The lattice constants are 3-34.94(1), 0=44.25(2), 0-15.45(1) 
H, 0-99.98(3), 6-102.66(3), γ=θβ.1ΐ(3) 0 and V=22953.5 S 3 in space group PÏ, withp -1.87 g.cnT , 
Z=8 and linear absorption coefficient μ(Μο Ка^-ЭЗЛ cm . The data nere collected using the 
ω-2θ scan with a variable scan speed with a maximum time of 40 sec. per reflection. A total of 
8659 reflections (slightly more than one half sphere, uith 2Θ<22 0) nere recorded. Three standard 
reflections uere measured after every 1800 sec. of X-ray exposure time. Their intensities 
remained constant «ithin \%. After averaging equivalent reflections (R = Σ||ΐ| - |ΐ||/Σ|ΐ| -
0.016) 7408 reflections remained of uhich 4787 had 1>3σ(ΐ) (σ(Ι) based on counting statistics). 
The intensities Mere corrected for Lorentz and polarisation effects and reduced to |F | values. 
о 
The solution of the structure: 
The structure, consisting of at least 560 symmetry independent non-hydrogen atoms, 
7 8 9 
was solved by repeated application of the DIRDIF procedures ' ' . Most of the 13 gold phosphine 
clusters that we have investigated by X-ray methods, неге solved by finding some gold atoms from 
a Patterson synthesis and locating the remaining gold and phosphorus atoms by one run of the 
program DIRDIF. The present case, however, was far from straightforward. As the technique em­
ployed in the elucidation of the structure may be used for other "medium-size" structures, we 
present a detailed description. 
The Patterson synthesis showed the existence of "clouds" of overlapping vectors. 
Each cloud proved to be a collection of 392 Au-Au vectors and as many Au-P and P-Au vectors. 
The centres of the clouds form a sublattice of l/8th of the supercell (this supersymmetry may 
be one of the reasons that "MULTAN" failed to solve this structure). The composition of the 
cluster was not known; the volume of the unit cell suggested the presence of 50-60 Au atoms per 
unit cell; the sublattice in the Patterson map could be explained by the presence of 6 or 8 
clusters of 6, 7 or 8 Au atoms each. Assuming the space group to be PI (we have never seen 6 or 
more molecules per cell in space group PI), the clusters may occupy tuo possible sets of posi­
tions: uith or uithout clusters at centres of symmetry. Mithin the clouds no individual peaks 
could be identified. On the surface of the clouds, however, several small peaks uere observed 
which showed the characteristic features of the vector set derived from two triangles of gold 
atoms related by a (local) centre of symmetry (Figure 3 ) . None of these figures were complete, 
but the identification of three or four points is sufficient for the reconstruction of the figure, 
33 
Figure 3 Patterson vector set derived from two triangles of gold atoms 
related by a (local) centre of symmetry 
using the knouledge that all gold clusters consist of triangles of gold atoms with edges of 
2.6-3.1 A. Eight such triangles were found. A posteriori, we investigated the correctness 
of these triangles. 
i. Only one triangle appeared to be correctly oriented and positioned relative to a centre 
of symmetry in the crystal. 
ii. Three triangles appeared to be correctly oriented and correctly positioned with respect 
to an (inverted) triangle of another gold cluster. 
iii. The remaining four triangles were correctly oriented, but only one or two of the vertices 
of the inverted triangle corresponded to positions of gold atoms. 
Each of these eight gold triangles was used twice. 
- Assuming (i) to be true, the three gold positions were used as input to the DIRDIF procedure 
for phase and amplitude refinement of the difference structure factors in space group PI. 
- Assuming (ii) to be true, the six gold positions (the triangle and its inverted image) were 
9 
used as input to the TRADIR procedure; i.e. DIRDIF is executed in space group PI; because the 
D 
input model contains a (local) centre of symmetry, the enantiomorph fixation technique is 
used; a translation function in DIRDIF-Fourier space is used to find the positions of the six 
atoms relative to the (space group) centre of symmetry; the atoms are shifted accordingly and 
are input to DIRDIF (in space group Pi) to find the rest of the structure. 
- Assuming (iii) to be the case, the six input positions can be treated as (i) and (ii), assuming 
that four or five positions are correct and hoping that this may lead to the elucidation of 
the structure. 
None of the eight DIRDIF runs and eight TRADIR runs did solve the structure immediately. From 
each of the DIRDIF maps one or two peaks were selected (based on geometrical considerations) and 
added to the input models for sixteen parallel runs of DIRDIF. Eight runs gave inconsistent 
results (large shifts of input atoms; bad geometry of the clusters, especially for clusters 
around inversion centres). From the remaining results several more peaks were selected and used 
as input. None of the eight parallel runs revealed the complete structure, but all resulted in 
34 
Table II Positional and therial paraeeters 
(е.s.d.'s within parentheses) 
U - τ Σ.Σ. a..a.. U.. 
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Figure 4 Projection of the unit cell along the α-axis, showing the eight ^uJ3 clusters and the "oxygen" atoms 
the identification of some individual clusters (5, 6 or 7 atoms each). The best cluster (good 
geometry and occuring in three different OIRDIF maps with identical orientation) was used as 
input (rejecting all other "atoms") for DIROIF in space group PI. This developed very fast and 
within three cycles we located eight Au Ρ clusters. The eight clusters were shifted, so as to 
put the centre of symmetry in the origin, and positional parameters were averaged pair-wise to 
obtain four Au Ρ clusters in space group PI. 
A posteriori it was found that at least Five triangles (of type i, ii and iii) 
could have led to the solution of the structure; it is a great help, however, to execute this 
technique in parallel runs, and to be able to select the most promising intermediate result. 
The location of the carbon atoms was achieved by Fourier and least-squares methods 
(DIRDIF cannot be used if the errors in the reflection data are of the same magnitude as the 
magnitude of the difference structure factors). Three or four peaks in the environment of phos­
phorus often allow the construction of phenyl groups which were subjected to least-squares 
group refinement techniques. After about 20 cycles of Fourier synthesis and group refinement all 
ΘΊ independent phenyl groups were located. 
Final parameters were obtained by alternative application of full-matrix least-
squares refinement to individual groups of P(C ) and Au Ρ , allowing anisotropic vibration for 
2 2 -1 
the gold and phosphorus atoms. The weights used are: w-[a (F ) + 0.0015 F ] . This gave 
с obs obs 
R.0.099 and R -0.14 for 617 variable parameters and 4787 "observed" reflections. 
w 
A difference Fourier synthesis showed some residual electron density around the 
gold atoms, and about 17 peaks at positions in the tetrahedral and octahedral cavities in 
between the clusters. Contact distances between the peaks are in the range 2.0-3.0 A. The 15 
strongest peaks were denoted oxygen and subjected to least-squares refinement; the population 
parameters converged to values in the range 0.5-1.2 . Inspection of the difference map showed 
that the peaks belonged to regions of electron density which can be associated with disordered 
collections of ( H O ) OH , acetone and/or diethylether (see preparation); a more accurate deter-
2 η 
mination of those electron densities was not possible. (See also Figure 4 ; 
Positional and thermal parameters of the four Au Ρ clusters are given in Table 
II; selected bond distances and angles are provided in Table III. Structure factor tables and 
the positional parameters of the phenyl carbon atoms and of the residual peaks in between the 
clusters (see above) are available as supplementary material. 
37 
Results and Discussion 
[AuJjçI] , an intermediate in the formation of Au L. (μ-Ι)„ 
Several years ago i t was shown, t h a t the r e a c t i o n s of [Au0LQ] 
У Ö 
with (pseudo)halides X~ (X~= Cl~, I-, CN~ or SCN~) in CH CI can lead to the 
fast formation of Au clusters . More recently the study of the reactivity 
of [Au L ] towards Lewis bases showed that the majority of the known clus-
ters and a series of novel cluster compounds could be prepared conveniently 
from [Au L-] by conversion reactions 
The remarkable reactivity of [Au L ] can be ascribed to the 
9 α 
dissociation of an [AuL] ion in solution, leaving the coordinatively 
unsaturated [Au L ] . The latter cluster could be isolated, and its 
θ / 
intermediacy has been demonstrated in the [Au L ] <-> [Au L ] intercon-
9 ο ο β 
version reaction. Association of one equivalent of [AuL] or L leads instan­
taneously to the formation of [Au L ] and [Au L ] respectively 
9 0 D O 
As reported by Demartin et al. , [Au L ] reacts with KI in 
9 о 
acetone towards the tetrahedral Au L (μ-Ι) . Duplicating this experiment we 
found also a red product which decomposed after some time leaving only 
Au L (μ-Ι) , some gold metal and AuLI. As we believed this red product to 
be an intermediate in this reaction, we carried out the reaction at -60 0C 
by dissolving [Au L Q] in methanol and adding a ten-fold excess of Bu N1 in 9 о 4 
methanol to this solution. A pure red product, identical to the one mentioned 
above in the Au L (μ-lL synthesis, could be isolated for which the analytical 
data are in agreement with the formula [AuQL.I]PF_. Furthermore, when 
ö о о 
[Au L I]PF is dissolved in acetone in the presence of ΚΙ, Αυ.ί„(μ-Ι)- is for-b b о 4 4 2 
med together with some gold metal and AuLI showing the intermediacy of 
[Au L I]PF in the conversion of [Αυ„ί„] with KI to Αυ.ί„(μ-Ι)„. 
O D O У Ь 4 4 ¿ 
38 
The formation of this novel octanuclear cluster can be thought to 
2+ proceed by the substitution of a phosphine by an iodine in the [AuQL ] 8 У 
cluster, which acts probably also as an intermediate in this reaction. 
The [Au0L_l] cation might be isostructural with [Au L ] . This can be con-S о о / 
197 
eluded from the Au Mössbauer spectrum (Figure 2B), which could be fitted 
reasonably well with two quadrupole pairs attributable to a gold-phosphine 
site and a gold-iodine site respectively, without a separately observable 
central gold atom. This latter phenomenon also occurs for [Au L ] and 
о / 
[Au.L0] which have very simular structures. In contrast [Au L ] shows a 
У о о о 
definitely observable singlet for the central gold atom. This difference can 
be accounted for in terms of a more symmetric population in the Au(6p)-levels, 
12 
as will be reported more fully in a forthcoming paper 
Description of the crystal and molecular structure of fAu-L.] 
The unit cell contains eight heptanuclear [Au L ] cations, of 
which four are symmetry related under space group PI (Figure 4). All cluster 
cations are very similar, with no unusual inter- or intramolecular short 
contacts. 
The Au skeleton is a pentagonal bipyramid, which is a novel fea­
ture for heptanuclear clusters (Figure 5). The Au-Au distances can be divided 
in three groups of increasing length (see Table III): 
i. axial-axial: 2.584 + 0.001 S 
ii. axial-equatorial: 2.Θ2 + 0.08 S 
iii. equatorial-equatorial: 2.95 + 0.06 A 
The axial-axial distance is the shortest distance ever found in gold clusters, 
and indicative of a strong interaction. In the group of centered gold clusters 
containing 8,9,11 or 13 gold atoms the radial bonds have values in the range 
39 
Table III Selected bond distances (A) and angles (0) for one oF the [Au L ] clusters 
(e.s.d.'s within parentheses) 


















































































Figure 5 Au-P skeleton for one of the [AuJL-] cations with numbering scheme 
40 
Table IV Distances (ft) of the Au and Ρ atoes to the least-squares planes defined by 
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2.62-2.72 A, while the peripheral bonds are in the range 2.8-3.1 Ä, which 
comprises the bond lengths we found for the above mentioned groups ii. and 
iii. All P-Au vectors in [Au-L ] point approximately to the centre of the 
cluster with normal P-Au distances (2.27 + 0.09 A). The total Au Ρ skeleton 
deviates slightly from the pentagonal bipyramid. This can be seen from Table 
IV which gives the distances of the gold and phosphorus atoms to the least-
squares plane defined by the equatorial gold atoms for all four [Au L ] 
cations. 
Remarks on the ionia charge and the cluster geometry of [Au^L^ 
As stated above , the pentagonal bipyramid is a novel feature 
for heptanuclear metal clusters. In contrast with clusters containing six or 
less metal atoms, heptanuclear clusters are not abundant, and the few 
41 
examples which are known, all have capped octahedral geometries: e.g. 
13 3— 14 
Os^CCO)., and [Rh„(CO).,-] . This latter geometry agrees with the 7 21 / lb 
15 
electron counting scheme for clusters , predicting capped closo geometries 
for η-vertex polyhedra with 2n skeletal electrons. These electron counting 
schemes cannot be applied for gold clusters. (EH)MO calculations can be used 
to predict quite successfully the number of valence electrons in the metal 
1 1 1 fi 
skeleton and thereby the ionic charge of a gold cluster ' 
A simple Hückel MO calculation on the pentagonal bipyramidal 
[Au ] skeleton, involving only Au(6s-6s) overlaps of neighbouring atoms, 
shows that six electrons can be accommodated in three bonding MO's, confirming 












Figure 6 Hückel MO scheme for the [Au7] skeleton considering only 
Au(63-6s) overlaps for neighbouring atoms 
Several authors have indicated that all centered gold clusters 
can be considered to be derived from the icosahedron . Although [Au L ] 
is not centered, it can also be described as an icosahedron from which one 
42 
pentagonal pyramid has been removed. The displayed five-fold symmetry does 
not occur frequently in molecular metal clusters. Usually the metal frame-
2— 17 
works are close-packed arrangements of atoms: e.g. [Rh „(CO) H ] and 
0_ 1 Q 
[Pt-(CO)^] (n=2-6,10) . An example of a cluster with pentagonal symmetry 
о o n 
is [ P t ^ i C O ) ^ 4 - 1 9. 
Icosahedral growing routes have been shown to exist from electron 
20 
microscope studies on small gold particles deposited on mica. Also it was 
21 predicted from molecular dynamics calculations on microclusterp that 
icosahedrally derived structures are favoured; for a heptanuclear cluster 
the pentagonal bipyramid has been predicted. 
197 21 1 + 
Au Mossbauer and Ρ [ Η] MR spectra of the [Au J, J cluster 
197 31 1 
The Au Mossbauer and the solid state Ρ [ Η] NMR spectra of 
[Au L ] agree fully with the presence of two sets of different Au and Ρ 
atoms (Figures 1 and 2). For centered gold clusters the peripheral gold atoms 
give rise to a Mossbauer doublet for which the Isomer Shift (IS) and 
Quadrupole Splitting (QS) depend on the type of ligand to which it is bonded. 
22 
For these clusters geometrical site differences have no detectable influence 
Thus the peripheral gold atoms in Au L X and [Au L X ] (X=(pseudo) halide) 
1 1 7 J l l o 2 
give rise to two quadrupole pairs in their Mossbauer spectrum, while those 
in [Au 1 1(PPh 2[CH 2] 3PPh 2) 5]
3 +
, [AUgLg]3*, [Au 8L 8]
2 +
 and [hu^f* give rise to 
22-24 
only one quadrupole pair . The presence of two quadrupole pairs for 
[Au L ] thus indicates a quite unusual difference between the axial and the 
equatorial gold atoms. The Mossbauer parameters suggest a more spherical 
surrounding for the axial gold atoms when compared to the equatorial gold 
atoms. In comparison with the Mossbauer parameters for centered gold clusters, 
the axial gold atoms seem to be less spherically surrounded as e.g. the 
43 
central gold atom in [Au L ] , while the equatorial gold atoms are similar 
θ θ 
to the peripheral gold phosphine sites in the centered gold clusters. 
These observations are in agreement with results from EHMO calculations as 
12 
will be reported in a forthcoming paper 
Reactivity and formation of gold cluster compounds 
The product obtained in the preparation of gold clusters depends 
on the coordinating ability of the anions which are present in the reaction 
mixture and on the steric demands of the phosphine . With PAr. (Ar= phenyl 
or monosubstituted aryl) and non-coordinating anions [AuqL ](N0 ) is formed. 
When strongly coordinating anions X such as I , CI , CN or SCN are present, 
the cluster grows to [Au LQX ] or Au L X . 
l l o 2 11/3 
In the attempt to isolate an intermediate in the formation of 
gold cluster compounds, no anions were added during the reaction of gaseous 
gold atoms with L in a toluene solution. The hydroxide anion which is sup­
posed to be present in [Au L-HOH), originates probably from traces of water 
in the toluene solution (only 10 ppm H O in 300 ml toluene are required). 
The [1+] charge of the Au7 cluster was not only confirmed by the conductivity 
measurements and Hiickel MO calculation on the bare [Au ] skeleton, but also 
by its chemical behaviour as discussed below. 
[Au L ] can be observed in a Ρ [ H] NMR experiment by adding 
an excess of L to an acetone solution of [Au0L Ι]ΡΓ-. The degradation of the 
8 6 Ό 
octanuclear cluster proceeds similar to the [Au L ] ** [Au L ] inter-
9 8 bo 
5 
conversion reactions : 
[AuQLcI]
+
 + L(excess) №- [Au L,] + + [AuL ] + (n=2-4) 
o b / / η 
Since [Au L ] and [Au L ] do not degrade towards [Au L ] in the presence 
44 
of phosphine, the substitution of a phosphine by an iodide in [Au L_] is 
о У 
a requirement. Since [Au L I ] + is thought to be isostructural with [Απ Г ] +, 
Ο Ό θ У 
analogously the addition of one phosphine to [Au_L.I] is to be expected. 
Ö о 
The subsequent elimination of [Aul] results In the formation of [Au L ] + . 
From Ρ [ Η] NMR experiments it has been shown that [Au L ] 
reacts quantitatively with one equivalent of AuLNO towards [Au L ] and 
о о о 
with two extra equivalents of AuLNO„ towards [Au„L ] via [Au L ] 
3 9 0 α / 
In the Scheme below, all reactions discussed in this paper are represented, 
showing interconversion reactions in the Au <-<• Au «-»• Au series. 









KI, acetone, 20 0C 
Boheme ΡΜΛ,Α\Ι-1), 
4 4 ί 
Upon dissolving [Au L ] in ethanol a slow conversion reaction 
towards [Au^L ] can be observed, via [AuQL0] and [Au0L„] . This reaction 
У ο σ ο о / 
proceeds probably through slow oxydation of the starting material into [AuL] 
which will react subsequently according to the Scheme. Similar reactions 
occur in methylenechloride. [Au L ] is stable for hours in acetone or THF, 
but reacts fast with AuLX (X=C1, I, SCN) towards [Au.-LX 1 + and Au .L„X„ 
llo<i 1 1 / 3 
31 1 
as was shown by Ρ [ H] NMR experiments, for Au L I an X-ray structure 
25 
analysis confirmed its identity 
45 
Conclusion 
It has been suggested that the formation and reactions of gold 
clusters proceeds via small intermediates containing 2-4 metal atoms. 
Attempts to isolate such a small intermediate were not successfull, but led 
to the discovery of two novel gold cluster compounds, the [Au LI] and the 
b D 
[Au L ] cluster. Both compounds have been shown to be intermediates in the 
formation and/or reactions of gold cluster compounds. 
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CHAPTER 3 
Preparation and X-ray Structure Determination of 
Tris [Bis(diphenylphosphino)methane] di-iodo tetragold. 
J.W.A. van der Velden, J.J. Bour, R. Pet, W.P. Bosman 
and J.H. Noordik 
(Research Institute for Materials, Faculty of Science, 
Toernooiveld, 6525 ED Nijmegen, The Netherlands) 
Abstract 
The reaction of Au (PPh ) (μ-Ι)„ with dppmH (molar ratio 1:3.5; 
dppmH = PPh CH PPh ) in THF yields instantaneously Au (dppmH) I , whose 
crystal and molecular structure has been investigated by X-ray analysis. 
It crystallizes in space group PI, with unit cell dimensions a = 12.305(2), 
b = 14.693(2), с = 21.238(3) S, a = 94.85(10), В = 90.70(12), γ = 67.90(12)°, 
V = 3544.2 A and Ζ = 2. The gold skeleton can be described as a slightly 
distorted tetrahedron. One Au atom is coordinated to an iodine (Au-I = 
2.593(2) A ), while the remaining Au-triangle is not only surrounded by three 
bridging dppmH ligands but also by another iodine which caps asymmetrically 
at rather long distances (3.13 - 3.67 X). The Au-Au distances (2.72 - 2.95 8) 
and Au-P distances (2.33 - 2.39 A) are normal for gold phosphine clusters. 
197 The final R-value is 0.072. The Au Mössbauer spectrum shows two different 
Au sites with parameters in accordance with their structural characteristics. 
31 1 
Ρ [ Η] NMR spectra show a fast intramolecular equilibration of the P-sites 
even at -60° C. 
48 
Introduction 
Gold clusters with monodentate phosphine ligands have been 
intensively studied , whereas the use of bidentate phosphine ligands has 
led to a limited number of clusters, occasionally with most peculiar and 
interesting structural and physical properties. Well characterized gold 
2 3 
clusters with bidentate phosphine ligands are [AutdppmH) (dppm)](NO ) 
5 3 3 2 









The title compound Au (dppmH) I can be prepared by the substi-
7 
tution of the phosphine ligands in Au (PPh ) (μ-Ι) with dppmH. Physical 
197 31 1 
data including Au Mössbauer and Ρ [ Η] NMR are described in this report. 
Experimental 
The coinercially available bis(diphenylphosphino)nethane (dppmH) was used without 
further purification. Analyses were carried out by dr. A. Bernhardt, Elbach über Engelskirchen, 
West Germany. Η NNR spectra were recorded on a Bruker HH-90 and Ρ [ Η] NMR spectra on a 
Varían XL-100 FT spectrometer. Infrared spectra were recorded using a Perkin-Elmer 283 spectro-
197 θ 
neter. The Au Mössbauer spectra were recorded at ^ .2 К using the apparatus described earlier . 
The molecular weight was determined on a Knauer Typ 11.00 Vapour Pressure Osmometer in THF at 
37° С 
Au (PPh.) ( μ - Ι ) . was prepared according to the l i t e r a t u r e . 
4 3 ц 2 
Preparation of Au (dppmH) I 
To 60 mg of the yellow Au (PPh,), (μ-Ι). 40 ng of dppmH (mol.ratio 1:3.5) 
A 3 4 2 
was added in 5 ml THF. Immediately the reaction mixture turned orange-red and after 5 minutes 
15 ml petroleum ether (40/60) was added, causing the precipitation of an orange-yellow powder. 
The yellow supernatant was removed carefully and to the remaining precipitate 15 ml of diethyl-
ether was added and after some time the supernatant was removed again. The remaining crude 
product was purified by washing with small volunes of acetone ( 3 x 5 ml) and subsequently 




Figure 1 197 Au Mössbauev spectrum of Au (dppmH) I 
4 o ¿ 
197 
Table I Au Mössbauer paraaeters for soné gold clusters 
Compound Au- Attributed to Q.S. I.S. Lineuidth Relative 
site Au-atoms no. (min/s) (nm/s) (rnm/s) Intensity 





























А и 1 1 [ Р ( р - С 1 С Л ) 3 ] 7 І 3 Au-I 4.12 0.00 2.2 
197, 
* Relative to Pt source; The relative intensities were kept fixed 
50 
in the solid state and in a solution of THF. Slow décomposition occurs in pyridine and methylene 
chloride. Red crystals suitable for an X-ray analysis неге obtained by slow diffusion of diethyl-
ether into a THF solution, inai. Au,(dppmH) I , С H , A u Ι Ρ , H - 2194.875, cale. С, 41.04; 
4 3 2 75 66 4 2 б 
H, З.ОЭ; Au, 35.90; I, 11.56; Ρ, 8.47*. found С,41.00; Η, 3.10; Au, 35.65; I, 11.38; Ρ, 8.65*. 
31 1 
Ρ [ Η] NMR, one sharp peak (lineuidth > 3Hz) in THF at -37.7 ppm donnfield relative to TMP 
(ОР(ОИе) ). H NMR, COCÍ : aromatic protons, 6.4-7.6 ppm, multiplet (60H); aliphatic protons, 
1.8-4.8 ppm, multiplet (6H), chemical shifts relative to Me Si. IR (Csl-pellet), only bands 
4 
originating from coordinated dppmH could be assigned. Any v(Au-I) is not uithin the range of 
197 
the apparatus. The Au Mössbauer spectrum can be fitted adequately uith tuo pairs of lines 
(see Figure 1 and Table I for the parameters). 
Crystal structure determination of Au (PPh.CH PPh^),1. 
a. Collection and reduction of the data 
Crystallographic data were collected on a single crystal CAD-4 diffractometer 
using CuKa radiation (λ = 1.54018 A ) , monochronated with a graphite crystal monochromator. 
The unit cell dimensions were calculated from the setting angles of 25 reflections having 
26 0<θ<30 ο. The lattice constants are: a = 12.305(2), b « 14.693(2), с * 21.238(3) Î, 
о = 94.85(10), θ - 90.70(12), γ = 67.90(12)0 and V = 3544.2 Я 3, space group: P T , with ρ -
-3 -1 c 
2.06 g.cm , Ζ - 2, linear absorption coefficient μ(0υ) = 240.0 cm . The data were collected u-
sing the ω-2θ scan mode uith a variable scan speed, with a maximum of 30 sec/reflection. A 
total of 20524 relections with 1°<θ< 65° were recorded (±h, ±k, ±1). Three standard reflections 
were measured after every 1800 sec of X-ray exposure time. Their intensities decreased to about 
80* of their initial values. After averaging equivalent reflections (R [-Σ| |l|-|T| I / Σ III] » 
av 
0.049, including all reflections ) 12063 reflections remained of which 9743 had 1>3σ (σ based 
on counting statistics). The intensity data of the remaining 12063 reflections were corrected 
for Lorentz and polarization effects and then reduced to |F | values. Absorption correction was 
о 
not done, as the crystal faces could not be measured accurately. 
b. Solution and refinement of the structure 
The positions of three gold atoms were found in a Patterson map. One more gold 
g 
atom and the iodine and phosphorus atoms were positioned by the DIRDIF procedure . The carbon 
atoms were located in several consecutive Fourier maps. All 9743 observed reflections were used 
in the refinement by full matrix least-squares methods, with anisotropic temperature factors for 
the gold, iodine and phosphorus atoms and constrained phenyl rings. The weight for each reflec-51 
2 2 - 1 
tion was calculated according to the formula и = [σ + 0.005 F ] (σ based on counting statis­
tics). The refinement converged to disagreement factors R = Z(|F [-IF |) / z|F |) = 0.072 and 
2 2 i о с о 
R •= [ Ï W ( | F | - [ F I) / W| F I ] = 0.104. A final difference Fourier вар showed a residual elec-
u o c ,ο 
tron density of 1.1 e/A near the gold atoms. All routine crystallographic calculations were 
10 
performed using the X-ray 76 programs . The atomic scattering factors and the dispersion 
correction for the gold atoms were taken from table 2.2.8 and 2.3.1 of the International Tables 
for X-ray crystallography. Positional and thermal parameters for Au, Ρ, I and bridge carbon atoms 
are provided in Table II. A selection of bond distances and angles is given in Table III. 
Furthermore the structure factor table and the positional and thermal parameters for the phenyl C-
atoms are available as supplementary material. 
Table II. Positional coordinates and isotropic thermal parameters (xlO , A ) 
for Au, Ρ, I and bridging carbon atoms for Au (dppmH) I (e.s.d.'e 
within parentheses); U = = E.E .a..a .U.. 
Au(l) 
( 2 ) 
( 3 ) 
( 4 ) 
I (1) 
( 2 ) 







( 2 ) 
































































R e s u l t s and D i s c u s s i o n 
The Au skeleton forms a s l i g h t l y d i s t o r t e d te t rahedron (see 
Figure 2 ) . The top Au(4) atom i s coordinated t o an iodine with a bond dis tance 
of 2.593(2) A which i s normal for a terminal Au-I in gold c l u s t e r s (Au-I = 




) 1 2 ) . The I(2)-Au(4) vector l i e s almost 11 о 4 3 7 3 
perpendicular (82.5°) t o the basal plane of the te t rahedron. The Au-Au 
dis tances from top t o base are shor ter (2.72-2.77 A) than within the base 
(2.Θ6-2.95 X), but a t normal values for gold c l u s t e r s (see Table I I I ) . 
Table I I I . Selected bond distances (A) and angles ( ° ) for Au (dppmH) I 
( e . s . d . ' s within parenthèses). 
P-C 
All between 1.81 - 1.85 
Au-Au-Au 










All between 110.5 - 115.3 
P-C-P 





2 - 3 
2 - 4 
3 - 4 
Au-I 
1-1 
2 - 1 
3 - 1 




























Figure 2 Molecular structure of Au (dppmH) _!„ with numbering 
scheme; phenyl rings have been omitted for clarity 
54 
Each gold atom in the basal triangle is coordinated to two phos­
phorus atoms of bridging dppmH ligands and to 1(1), which is asymmetrically 
μ - coordinated at rather long Au-I(l) distances (3.13-3.67 A). This is the 
first example of a triply bridging iodine, capping a triangular metal face 
in a gold cluster compound. Α μ -bridging iodine has been reported for 
Au (PPh ) (μ-Ι) with a mean Au-I distance of 2.945 A . The increase in Au-I 
bond length in going from terminal via bridging to capping geometries is not 
surprising, since bond weakening is to be expected in this order. The Au-P 
distances (2.33-2.39 A) lie in the range normally found for gold phosphine 
clusters. 
13 
The structural similarity with Cu„(dppmH) (μ-Ι)(μ -I) and 
2 + 2 3 -[Au
c
(dppmH)„(dppm)] ' (dppm = [PPh„CHPPH ] , see Figure 3) is interesting. 
5 3 ¿ . 2 . 
Cu (dppmH) (μ-Ι)(μ -I) has been described as an triangle of copper atoms, 
connected by triple-bridging iodine atoms above and below the plane of the 
copper atoms. [Au„(dppmH)Adppm)] and Au.(dppmH)„I„ contain a triangle of 
5 3 4 3 2 
gold atoms [Au(l), Au(2) and Au(3)] with three bridging dppmH ligands. In the 
Au -cluster Au(4) is bonded to a phosphino group. 
5 
197 
The Au Mössbauer spectrum (Figure 1) of Au (dppmH) I could 
be fitted with two pairs of lines with an intensity ratio of 3:1, From the 
Mössbauer parameters listed in Table I it can be seen that the set of gold 
atoms [Au(l), Au(2) and Au(3)] coordinated to phosphines and capping 1(1) has 
parameters smaller than the similar Au triangle in [Au (dppmH)„(dppm)] 
5 3 
This is caused by a more spherical environment for these gold atoms in 
Au (dppmH) I , since an extra ligand [ K D ] is present in this case. The pair 
of lines attributable to the Au(4)-I(2) site has parameters larger than those 
of an Au-I site in Au,. [Píp-ClC.Hj.,],,!,,. This is probably due to the lower 
11 b 4 ο ι J 
connectivity for the Au(4)-I(2) site resulting in a less spherical environment. 
31 1 
The Ρ [ H] NMR spectrum of Au (dppmH) I at room temperature in THF gives 
55 
Figure Ъ Molecular structure of [Au^fdppmH)-(dppm)]' 
(dppm - [PPh.CHPPh ] Ì; phenyl rings have 
been omitted for clarity 
56 
one sharp peak at -37.7 ppm (downfield relative to TMP), which indicates a 
magnetic equivalence of the phosphorus sites in solution. The solid state 
31 1 
Ρ [ Η] NMR spectrum is however broad and complicated, indicating an equili-
14 
bration of the phosphorus sites in solution . Furthermore, no fast inter-
molecular exchange reactions do occur since the peak position of the singlet 
31 1 
of Au (dppmH) I in the solution Ρ [ Η] NMR spectrum does not shift upon 
31 1 
addition of free dppmH. Variable temperature Ρ [ Η] NMR measurements in 
CD Cl down to -600C show only a slight broadening (linewidth = 5Hz) indica­
ting a fast equilibration process even at low temperatures. Internal rearran­
gement of the molecule involving Au-P bond-breaking and formation is not very 
probable in view of the energies involved in such a process. A fluxional beha­
viour without bond-breaking is more appropriate,since the structure of the mo­
lecule in the crystalline state needs only slight displacements in the gold-
ligand system for the equilibration of the Ρ atoms. A more detailed report 
describing the fluxionality of gold phosphine clusters in solution as studied 
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CHAPTER 4 
Preparation and X-ray Structure Investigation of 
[Au5(PPh2CH2PPh2)3(PPh2CHPPh2)](N03)2 . 
J.W.A. van der Velden, J.J. Bour, P.T. Beurskens 
and J.M.M. Smits 
(Research Institute for Materials, Faculty of Science, 
Toernooiveld, 6525 ED Nijmegen, The Netherlands) 
Abstract 
The evaporation of metallic gold into an ethanolic solution of 
bis(diphenylphosphino)methane (dppmH) and NH NO results in the formation 
of [Au (dppmH) (dppm)](NO ) with (dppm) = [Ph PCHPPh ]~; an X-ray structure 
analysis revealed the presence of an Au-C bond. Full physical data, including 
197 
Au-Mbssbauer, are presented. Two alternative methods for the preparation 
of the title compound are described. 
Introduction 
The use of monodentate triarylphosphines has led to several gold 
cluster compounds, ranging in size from 4 to 13 and probably even up to 55 
gold atoms . The skeletal geometries of a number of these compounds, which 
are centered gold clusters containing 8, 9, 11 or 13 Au atoms, have been 
2-5 discussed as being derived from a common parent, the centered icosahedron 
The first regular icosahedral Au.. _ cluster was obtained from the reaction of 
59 
an ethanolic solution of Au^dppmHHNO ) with NaBH , resulting in the 
[Au, „(dppmH).] cluster . This successful synthesis prompted us to investi-'-
13 6 
gate more deeply the reactions of gold clusters with this bidentate phosphine 
ligand. 
Metal atom synthesis has proven to be a useful technique for the 
7 В 
preparation of gold clusters containing 9 or 11 gold atoms ' . Using this 
method, we have succeeded in the preparation of a cluster containing five 
gold atoms. This cluster could also be prepared by reduction of Au (dppmH)№) 
with NaBH and an excess of dppmH. 
A third method of synthesis, which has been used successfully, is 
the reaction of [Au (PPh ) ] with a large excess of dppmH. 
э о о 
Experimental 
The соішегсіаііу available (Strem) bis(diphenylphosphino)methane (dppmH) was used 
9 
without further purification. Au (dppiiH)(N0 ) was prepared analogous to AuPPh NO . C, H and 
N analyses were carried out in the nicroanalytical department of this university. H-NMR spectra 
неге recorded on a Bruker lilH-90, P[ H]-NHR spectra on a Varian XL-100 FT spectrometer.Infrared 
spectra were recorded with a Perkin -Elmer 2 З spectrometer. Electrical conductivity measurements 
were performed with a Metrohm Konduktoskop and a Philips PR 9510/00 conductivity cell at 25° C. 
The Mb'ssbauer spectra were recorded at 4.2 К with an apparatus described earlier ' and ESR 
spectra with a Varian E 12 spectrometer. 
Preparation of [Au,(dppmH).(dpprn)](WJ„ 
Method A 
θ 
Using the rotary metal evaporation apparatus , metallic gold was evaporated into 
an ethanolic solution of bis(diphenylphosphino)methane and NH N0 · Different mol ratios were used, 
2 6 12 
all of which resulted in the formation of [Au (dppmH) (dpprn)] ' , but mostly a molar ratio 
Au:dppmH:NH N0-2:1:2 was used. The red reaction mixture was evaporated to dryness and - after 
dissolution in a minimal volume of methylene chloride - passed over a celite-505 column to remove 
any metallic gold. Red crystals were obtained by slow diffusion of diethylether into the methylene 
60 
chloride layer. Yield 9-13* (Cale, on dppnH) 
Method В 
18 mg NaBH in 100 ml ethanol was slowly added to a stirred solution of 900 mg 
Au (dppnH){N0 ) in 50 ml ethanol containing 380 mg dppmH (mol. ratio: 1:2:2). After filtration 
and evaporation, the product was dissolved in methylene chloride, passed over a celite-505 
column and crystallized by slow diffusion of diethylether into the methylene chloride solution. 
Yield: 10-203; (Calcon Au). 
Method С 
1.03 g [Au (PPh ) ](N0 ) and 2.0 g dppmH (mol. ratio ca. 1:20) were dissolved 
in 15 ml CH CI . After two days the solution, which initially was dark-red, has turned bright-
red. Crystalline material can be obtained by the slow diffusion of diethylether into a methylene 
chloride solution. Yield 0.28 g - 23% (Cale, on Au). The crystallization of the title compound 
has been conducted at ^ 'C, to avoid decomposition. At room temperature decomposition is rather 
fast, resulting in the formation of a white insoluble compound, which analyses neatly on 
[Au (dppmH) ] ( N 0 ) , С Η Ρ Au Ν 0 ,H=1285.747,found С 46.35%, Η 3.372;, H 2.175S, cale. С 46.67:6, 
Η 3.45%, Η 2.17% . 
Anal. [Au (dppmH),(dppm)](N0j,, С, „ H Au Ν 0 Ρ , M=2645.446 caled. С 45.40%, 
5 3 3 2 100 87 5 2 6 8 
Η 3.31%, Ν 1.06%, found С 44.34%, Η 3.24%, Ν 1.08% . Electrical conductivity measurements in 
methanol indicated a 1:2 electrolyte, in accordance with the formula of the compound. 
H-NHR (CD CI ), aromatic protons : 6.2-7.9 ppm multiplet (80H), aliphatic protons : 2.6-4.0 ppm 
31 1 
multiplet (7H). ?[ H]-NMR(CD Cl ), broad multiplet -25 to -60 ppm relative to TMP. 
IR (Csl-pellet), only bands originating from free nitrate and bis(diphenylphosphino)methane 
could be assigned. Any v(Au-C) is obscured by the phosphine ligands absorptions. ESR, no signal 
could be detected, in the solid state or in solution (CH CI ). The Hössbauer spectrum (Figure 3) 































The left hand sides of pairs 2 and 3 coincide. The relative intensities were kept fixed. 
61 
Crystal structure of [AuJdppmH) (dppm)](NO ) 
Ο Ο Ο ύ 
Crystal data: Au С Η Ν Ο Ρ , «lonoclinic, space group P2 ; unit cell 3-15.796(3), 
5 100 Θ7 2 0 8 . - 1 
b.23.19(2), C.15.280(4)8, β.11θ.<.7(2)°, U-4920.38 , Z.2,D -1.786 g cm" . The X-ray data «ere 
measured on a Nonius CAD-4 diffractometer, (ω-2Θ) scan, with monochromated Μο-Κα radiation. 
During the measurements the crystal «as kept in a sealed capillary. During exposure to X-ray 
radiation the crystal decomposed and the intensities of the control reflections reduced to ca.40%, 
at uhich point the measurements «ere terminated. The control reflections shoued large local varia­
tions in intensity caused by positional changes of the crystal during the «easurements. Absorption 
corrections were applied (μ, (Ηο-Κα)»78.6 cm ; approximate crystal dimensions 0.13x0.16x0.41 mm). 
A total of 5766 symmetry independent reflections nere measured, of uhich 5129 had an intensity 
of 1>3σ. The positions of five gold atoms were obtained from a Patterson interpretation. In 
13 
applying the DIRDIF procedure «e found eight Ρ atoms. 
PHi,. 
PPh, 
^ C H , PPhi 
Ί 2* 
2+ Figure 1 Line drawing of the [Au.(dppmH),(dppm)] cluster 
и О 
All carbon atoms and two N0 groups were found by successive least-squares and difference-Fourier 
techniques. The result is shown in Figure 1. Initially, the least- squares refinement was based 
on 3082 Friedel-averaged reflections, until the R-value was 0.07. The refinement was continued 
on all 5766 independent measurements using dispersion corrections for the gold atoms, allowing 
for anisotropic vibration of the gold and phosphorus atoms, and employing group-refinement for 
2 2 
the phenyl rings and the nitrate ions. Weights were defined by w-1/Γσ +(0.04 F ) ], with σ 
с о с 
based upon counting statistics. The final R-value is 0.08. The nitrate ions are not well 
determined; in view of the computer time involved we did not investigate the possibility of 
62 
Table I Positional parameters of the Au Ρ moiety and the 
о о 





















































































Table II Bond distances (AJ and angles (°) in the Au. cluster 












































Au-P-C + 2 
1-1-1 114 
2-2-1 109 







































rest (avg): 113 




disorder in the orientations of these ions. The positional parameters of the gold and phosphorus 
atoms and of the bridging carbon atoms are given in Table I; a plot of these atoms is given in 
Figure 2. Selected bond distances and angles are given in Table II. 
Results and Discussion 
The Au-skeleton can be described as a tetrahedron of four Au atoms 
with the fifth Au atom being attached to Au(4). Pairs of gold atoms are brid-
ged by dppmH ligands, as is shown in Figures 1 and 2. One pair, Au(l)-Au(2), 
is bridged by dppm. The methylene bridge C(l) of the dppm ligand has lost a 
hydrogen atom and is bonded to the fifth Au atom. In this way Au(5) becomes 
almost linearly coordinated between C(l) and P(8). 
2+ 
Figure 2 Structure of the [Au.(dppmH).(dppm)J cluster. The methylidyne 
carbon is denoted C(l); the phenyl groups have been omitted 
65 
The description of this compound as a tetranuclear cluster, incorporating a 
linear Au(l)-entity, could be appropriate and its structural resemblance to 
14 
Au (Ph PCHPPh )(H CPEt CH ) is interesting. The nitrate ions are situated 
between the phenyl rings, away from the gold atoms. 
The Au-Au distances and Au-P distances are normal for gold-
phosphme clusters . The Au-C bond lies within the range normally found 
in organogold compounds. The presence of the Au-C bond is consistent with 
C(l) being bound tetrahedrally as indicated by the bond angles. The ease of 
formation of this Au-C bond is remarkable and certainly interesting from the 
viewpoint of C-Η bond activation. 
The presence of the Au-C bond in this new gold cluster is not its 
only remarkable feature. Also it represents the first example of the coordina­
tion of two phosphorus atoms to one gold atom [for Au(l), Au(2) and Au(3)] in 
a gold phosphine cluster, since normally one phosphorus atom is bonded to one 
gold atom. More recently, this has also been observed for Au (dppmH) I 
1 fi 
and [Au.(dppp) ](N0 ) (Chapter 3 and 5 respectively of this thesis). 
о 4 j ¿. 
The absence of an ESR signal in the dipositive cluster supports 
the proposed deprotonation of the methylene carbon atom bonded to gold, which 
is also affirmed by H-NMR and conductivity measurements. 
197 
The Au Mossbauer spectrum (Figure 3) can be fitted by three 
pairs of lines corresponding to three sets of gold atoms, [Au(l),Au(2),Au(3)], 
Au(4) and Au(5). These pairs of lines, with a normal linewidth, have relative 
intensities corresponding to the number of gold atoms in each set. The 
Mossbauer parameters lie in the range normally found for linearly coordinated 
Au(I)-compounds , as was also found for all other gold cluster com-
2 3 8 
pounds ' ' . The large Q.S. and I.S. of the Au(5) atom can be ascribed to 
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V F L 3 C n T МЯ/StC 
Figure δ Móssbauer spectrum of [AuJdppmH) (dppm)] 2+ 
31 1 
The Ρ [ H] NMR spectrum of the title compound is broad and very 
complex, and cannot be interpreted at the moment. The complexity is probably 
due to the magnetical inequivalence of at least five different phosphorus 
sites together with couplings between these sites. Roughly the spectrum can 
be divided into two parts, centered at ca. -49 ppm and at -26 ppm, with a 
relative intensity of 7:1 . It is tempting to assign the high field part, 
which appears to be roughly a doublet to the phosphorus atom bonded to Au(5). 
The chemical shift of this high field doublet lies close to the values found 
for linearly coordinated Au(l)-compounds which is in agreement with the 
assignment of Au(5) as a part of a linear P-Au(I)-C moiety. 
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CHAPTER 5 
Gold Clusters. Tetrakis[l,3-bls(diphenylphosphino)propane] 
hexagold Dinitrate: Preparation, X-ray analysis and 
197 3 1 1 
Au M ö s s b a u e r and P[ H] NMR s p e c t r a . 
J .W.A. van d e r V e l d e n , J . J . Bour , J . J . S t e g g e r d a , P . T . B e u r s k e n s , 
M. Roseboom and J . H . N o o r d i k 
( C o n t r i b u t i o n from t h e I n o r g a n i c C h e m i s t r y and C r y s t a l l o g r a p h y 
D e p a r t m e n t s , U n i v e r s i t y of Nijmegen, T o e r n o o i v e l d , 
6525 ED Nijmegen, The N e t h e r l a n d s ) 
Gold c l u s t e r compounds are of i n t e r e s t because of t h e i r remarkable 
s t ruc tu res but a l so because of the r a the r fas t interconversion r e a c t i o n s . 
In many of these r eac t ions a p a r t i a l or complete fragmentation of the o r ig ina l 
c l u s t e r in to smaller molecules i s followed by a recombination to new c l u s t e r s . 
3+ 1—5 
As [AuQL ] (L=PPh0) seems to be a key compound in many reac t ions , i t s 
fragmentation-recombination reac t ions have been s tud ied . In r eac t ion with L, 
[AuDLQ]2+ and [AuQLr,]2+ are f o r m e d 1 , 2 , 4 , with Cl", [Au ,LQC10]+ 3 , with SON", o ö о / 11 o ¿ 
3 - 5 Au L (SCN) , and with I , Au L (μ-Ι) . With b identa te phosphines of the 
type PPh„(CH-) PPh. the react ion product c r i t i c a l l y depends on η . With n=l 2 ¿. η 2 
[Au^PPh^CH^PPh,,) (PPhuCHPPh,,)} + i s formed , 7 , but with n=3 (dppp) the com-
p l e t e l y d i f f e r e n t [Au (dppp) ] i s formed. We describe here the c r y s t a l and 
molecular s t r u c t u r e of [Au (dppp) ](N0 ) . I t c r y s t a l l i z e s probably in space 
group P4c2, but the disordered s t r u c t u r e was ref ined in space group P4m2 
with a=b=14.726(5) X, c=16.879(4) 8, V=3660.3 S 3 and Z=l. On the bas i s of 723 
unique observed r e f l e c t i o n s the s t r u c t u r e has been ref ined t o R=0.094. 
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Also presented are the conversion reaction of Au Ι,.(μ-Ι)„ into [Au (dppp).] 
4 4 2 b 4 
197 31 1 
and the Au Mössbauer and P[ H] NMR spectra of both compounds with some 
remarks about the interpretation of these spectra for gold cluster compounds 
in general. 





L,,](N0,), and Au,L (u-I) were prepared by literature methods. All other 9 8 3 3 ц ч 2 
starting materials иеге commercially available. Chemical analyses were carried out by Dr. A. 
197 
Bernhardt, Elbach über Engelskirchen, West Germany. The Au Mössbauer spectra were recorded at 
9 3 1 1 k.2 К with an apparatus described earlier . The P[ H] NHR spectra were recorded on a Variar 
XL-100 spectrometer using CD CI as solvent and internal lock and OP(OHe) (TMP) as external 
standard. The ESR spectra were recorded with a Varían E12 spectrometer. 
Preparation of [AuJdppp) .](NO.)n 
To a solution of 1 g of [Au L ](N0 ) in 25 mL of methylene chloride is added 2 g 9 о 3 3 
of dppp (-PPh (CH ) PPh ) (mole ratio 1:20). A fast reaction occured as indicated by a change of 
colour from red into a very intense blue within 2 min. After 15 «in. the product is precipitated 
by addition of 200 mL of toluene. After filtration and washing with toluene and ether, the blue 
product is recrystallized by diffusion of diethylether into a «ethylene chloride solution, resul­
ting in thin rectangular plates, with a clear bright red colour. When the crystals dry (in vacuo 
or in air), they crack because of solvent loss, turning into an untransparent purple-red; yield 
500 mg (46* based on Au ) . Anal. Caled, for c 1 Q D
H i
n






n > H-2955.639: C, 43.89; H, 3.55; N, 
0.95%. Found: C, 43.20; H, 3.54; N, 0.92*. IR (Csl pellet): only bands originating from free 
31 1 
nitrate and bonded dppp can be assigned. P[ H] NMR: two quintets of equal intensity at -51.07 
and -60.24 ppm (downfield relative to TMP in CD CI ), with a coupling of 5.010.2 Hz. H NMR 
(CD„C1 , relative to Me,Si): 7.6-6.6 ppm, multiplet, aromatic protons ( 0Н); 3.0 ppm, broad, 
¿ ¿ 4 
aliphatic protons (C-CH -C, BH); 2.2 ppm, broad (P-CH , 16 H ) . ESR: no signal could be detected 
in the solid state or in solution (CH CI ). This is in accordance with the formula of the 
compound. 
Conversion of Au L (μ-Ι) into [AuJdppp) ] 
Exactly the same procedure as above was followed, but instead of 1 g of 
70 
[Au L ](N0 ) , 400 mg of Au L (μ-Ι) uas used. 
У o ¿ J ч н ¿ 
Crystallographic Work 
Thin rectangular red crystals, suitable for an X-ray structure determination, uere 
•ounted in a sealed capillary to prevent loss of solvent. X-ray analysis revealed the iiolecular 
structure of the [AuJdppp),] +cluster (Figure 1 ) . Crystal data: Au.C „,Η,^, N„0.P„.xCH,Cl , 
о 4 b 108 104 Z o o 2 2 
tetragonal, Laue synmetry 4/ІІШИ, probable space group P4c2 xith unit cell a=b-14.726(5) A, c-
33.758(8) A, V-7320.6 A , Z-2. The disordered structure uas refined in space group P4m2 uith 
unit cell a-b-H.726(5) X, c-16.879(4) 8, V=3660.3 Î and Z-l (Table I). The X-ray data were 
measured on a Nonius CAO-4 diffractometer ω-2θ scan, uith monochronated Cu Κα radiation. When 
exposed to X-ray radiation, the crystal decoaposed slowly. A total of 5532 reflections were mea­
sured; averaging symmetry- and Friedel-dependent reflections gave 723 independent reflections. 
The 1-odd reflections were very weak; only six of these had I> 3 σ(Ι) (σ(Ι) based on counting 
statistics). Inspection of the Patterson synthesis showed the presence of two identical Au -
10 
clusters, separated by Jc translation. In applying the OIRDIF procedure , we found all phospho­
rus atoms which obeyed the same ¿c translation. Therefore all gold and phosphorus atoms lie on 
pseudo mirror planes (x-0 or y-0). We tried to develop a model without this mirror symmetry, but 
the six 1-odd reflections were not numerous to permit us to do so. The propylene bridge could 
roughly be located in the pseudo mirror plane, although it hardly can be imagined that the atoms 
of the P-C-C-C-P chain lie in one plane. The structure is more relaxed when deviations out of 
plane are allowed, this being possible without major changes in the overall geometry of the 
molecule. Because of the failure to locate the phenyl rings, we assume that the structure is dis-
ordered, although the disorder cannot be perfect because of the 1-odd reflections. 
Refinement was continued in space group P4m2 on 318 observed reflections, with the original 1-
odd reflections discarded. The Au and Ρ atoms were refined with anisotropic temperature parame­
ters, while the carbon atoms were kept fixed. The phenyl carbons attached to the phosphorus atoms 
could very roughly be located, but large areas of positive electron density in the expected 
positions of the phenyl groups could not be interpreted in terms of atomic positions. 
In addition,the often disordered nitrate ions and methylene chloride molecule(s) were not located. 
The refinement was stopped at R-0.094. Positional parameters are given in part a of Table II and 
thermal parameters in part b; the large U values for the phosphorus atoms reflect the disorder 
across the space group mirror plane. Some bond distances and angles are given in Table III. 
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Table I Experimental details of the X-ray Diffraction Study of 
Tetrakis [1,3-bis(diphenylphosphino)propane]hexagold dimtrate 
formula 




v, S 3 
ζ 








type of scan 
no. of measd. reflctns 
no. of indep. reflctns 
no. of data with I > 3σ(Ι) 
final R value 













Nonius CAD-4 diffractometer 









(a) Positional parameters for [Au_(dppp) ](N0
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All U and U values are 0 for the atoms given 

























' C(2) / V 
Au(2'') C(2') 
2+ Figure 2 Atom-numbering scheme for the [AuJPPh.(CH ) yPPh.) ] cluster 
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Results and Discussion 
Both Au.L.(u-I),, and [Au0L0] + (L=PPh ) react with dppp to give A A ¿ 9 8 о 
[Au-(dppp).] + in striking difference with Au..L_X_, which when reacted with 
O A ü / J 
3+ 11 
dppp yields only the completely substituted product [Au (dppp) ] 
The conversion of киЪ.І^-І). into [Au.(dppp) .] is another example of a 
4 4 2 о 4 
reaction whose explanation needs the assumption of small reactive molecules 
containing phosphines and one, two or three Au atoms in an average oxidation 
J2 L2 
12 
state between 0 and 1. Except for a preliminary report about Au  , no such 
small fragment has been identified until now. 
197 2+ 
The Au Mössbauer spectra of Au L (μ-Ι)0 and [Au (dppp) ] are 4 4 ¿ О 4 
illustrated in Figure 3. The spectrum of [Au (dppp) ] can be successfully 
fitted by assuming two gold sites each giving a quadrupole pair, the pairs 
having an intensity ratio of 1:2 and linewidths close to the natural line 
width. The spectrum is thus in accord with the structure of [Au.idppp) ] 
(See Figure 1). A set of four equivalent Au atoms is situated on the vertices 
of a tetrahedron.and bonded to one phosphino group. A set of two Au atoms 
bridges opposite edges of the tetrahedron and is bonded to two phosphino 
groups. This structure resembles that of Au L (μ-Ι) , where also a tetrahedron 
of four Au atoms is present and I atoms bridge over two opposite edges (See 
Figure 4). In both clusters there are almost linear P-Au-Au-P moieties 
with very short Au-Au bond lengths (2.65 and 2.63 A) as compared to the other 
Au-Au distances (2.Θ0-2.92 A). In accord with its structure the Mössbauer 
spectrum of Au L (μ-Ι) shows only one quadrupole pair. The Mössbauer para-
meters are given in Table IV compared with data of P-connected Au sites in 
some gold cluster compounds. Quadrupole splittings and isomer shifts are in 
rather narrow ranges. Neither the presence or the absence of a central gold 
nor the connection to one or two phosphines give clearly distinct data. 
75 
So the conclusion that we formulated earlier ' about the ratio of radial to 
tangential interactions seems to be in doubt with regard to the present data. 
т к п т IBRÍMCI 
Figure S 197. Au Mössbauer spectrum of Au L (μ-Ι)
 0 and [AuJdppp) ](N0 ) „ 
4 4 ώ 0 4 o ύ 
fitted with respectively two lines (linewidth 1.96, 2.34 mm/s) 
and four lines (linewidth 2.OS and 2.10 mm/s) 
Table IV 
197 
Au Hössbauer Parameters for Soné Gold Cluster Compounds. Isoner shift (relative 
197 
to Pt source) and quadrupole splitting values (in parentheses) are given in mm/s. 
P-Au-Au-P Au-bridging atom 
[ A u 6 ( d p p p ) ( t ] ( N 0 3 ) 2 
Wlz 
%
L 7 ( C N ) 3 
' V B " 
' V B " 
Au (dppp)5 + 
3 . 0 ( 7 . 0 ) 








Figure 4 Au-P skeleton of Au.L (μ-Ι)9; phenyl rings have been omitted 
for clarity: Au Ç\ ;P о 
The P[ H] NMR spectrum of [AuJdppp) ] in CD CI solution 
6 4 ¿ ¿ 
shows two sets of quintets of equal intensity, positioned at -51.07 and -60.24 
ppra (downfield relative to TMP) with a coupling of 5.0±0.2 Hz (See Figure 5) 
The spectrum is in agreement with the presence of two magnetically inequiva-
lent sets of four Ρ atoms, coupled via the Au skeleton. No additional coupling 
31 1 
via the propylene bridge could be detected. The P[ H] NMR spectrum of 
Au L (μ-Ι) shows one singlet at -47.4 ppm. 
3Î„ A Figure S Ρ [Η] NMR spectrum of [Au^dppp) ¿(NO^
 2 
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Except for the spectrum of [Au
c
(PPh„CH0PPh,J0(PPh CHPPhJ ] 2 + , 
D 2 2 2 3 2 2 
fi 7 
which ia rather complex ' , the spectra of all other gold clusters contai­
ning monodentate phosphine and even [Au.. (dppp),.] show one singlet 
11 о 
The solid state spectrum of [Au
n
L ](N0„)_ has two lines of about equal inten-
15 
sities in accordance with the two crystallographically distinct sets of four 
Ρ atoms. No P-P coupling could, however, be detected. The presence of one 
singlet in the solution spectra finds its best explanation in a fast intra­
molecular equilibration of the P-sites, a process that is less probable for 
the more rigid [Au_(PPh„CH-PPh.)_(PPh-CHPPhJ ] 2 + and [Au (dppp) J 2 + clusters. 
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CHAPTER 6 
The electrochemical Preparation of [AugiPPh., ) о ] . 
A comparative Study of [AUgtPPh^g ] + and [AugtPPh^g] 
on the Basis of X-ray, (solid state) 3 1 P [1H] NMR 
197 
and Au Mössbauer data. 
J.W.A. van der Velden, J.J. Bour, W.P. Bosman and J.H. Noordik 
(Research Institute for Materials, Faculty of Science, 
Toernooiveld, 6525 ED Nijmegen, The Netherlands) 
Abstract 
[Au L ]PF (L=PPh ) deposits on the cathode during the coulometric 
Э Ö D 3 
two-electron reduction of [Au.L-](PF-)„ in acetonitrile at constant potential 
Э о о à 
(-0.60 V relative to a Ag/AgCl electrode). As predicted from Hückel MO 
calculations, the X-ray analysis has shown a skeletal rearrangement upon 
addition of two electrons to [Au L ] . Physical data, including (solid state) 
31 1 197 
Ρ [ Η] NMR and Au Mössbauer data are provided and compared with those 
of [Au 9L 8] 3\ 
Introduction 
The reactivity of [Au L ] (L=PPh ) towards various Lewis bases 
У о о 
has been studied thoroughly, leading to a series of novel gold cluster com­
pounds and to a better understanding of their electronic and structural 
properties 
80 
Sofar, only preliminary results have appeared of electrochemical 
2 3 
studies on gold clusters containing 8, 9 or 11 gold atoms ' . Very recently, 
however, a detailed electrochemical study of the two-electron reduction of 
the [Au L ] cluster, following an ЕЕ reaction path, has been reported 
У о 
The reduction occured at -0.37 V (vs. Ag/AgCl) in an acetone solution. 
It was concluded in that study that the difference in the half-wave potentials 
between both consecutive reduction steps amounted only 40 mV. The two step 





 [Au 9L 8]
+
 - ^ 2 [Au 9L 8]
2 + 
with a conproportionation constant of 4.7 (at 2Э K). The paramagnetic 
[Au L ] could be detected in an ESR experiment conducted at 20 К on a 9 8 
frozen-out 1:1 mixture of the [3+] and the [1+] ions 
It should be remarked that the observed value of К is close to the value (4) 
с 
which would be expected from a statistical distribution on basis of the spin 
multiplicities. This strongly suggests that the energy differences between the 
[1+], [2+] and [3+] are small. Also, the determination of the reaction entropy 
of the two-electron reduction of the [3+] cluster points out that the entropy 
difference between the [3+] and the [1+] clusters is entirely due to solvent 
reorganization and therefore not to structural differences. This fits nicely 
5 
with the observed fluxional behaviour of gold cluster compounds in solution 
A temperature dependent measurement of К could give us a better understanding 
of the enthalpic and entropie contributions to К . 
Here we discuss the structure of [Au L ]PF , its (solid state) 
9 0 Ό 
31 1 197 





Electrochemical measurements were made with a three electrode Bruker E310 instru­
ment with platinum working and auxiliary electrodes. A Ag/AgCl (0.1 M LiCl-acetone) electrode 
was used as the reference. Controlled potential electrolyses were carried out with a Menking 
LB 75M potentiostat and a Birtley integrator. Complete electrolysis of about 25 mg of electro-
active material generally required 50 minutes. Ρ [ Η] NNR spectra were recorded on a Varian 
XL-100 FT (solution; Ρ 40.5 MHz) or on a home-built NMR machine (solid state; Ρ 72.9 MHz). 
197 
Infrared spectra were recorded on a Perkin-Elmer 283 spectrometer and the Au Mössbauer spectra 
at 4.2 К with an apparatus described earlier . Elemental analyses were carried out at the 
microanalytical department of this University. 
b) Materials 
All materials used were of reagent quality. [Au L ](PF ) was prepared according 
9 В о 3 
to the literature . [Au.L ]PF was obtained from controlled potential electrolyses (-0.60 V 
9 8 О 
relative to an Ag/AgCl electrode) in 40 ml acetonitrile solutions of about 50 mg of the 
[Au.L.] compound under nitrogen atmosphere in the presence of Bu NPF (0.1 H). The [Au L ] 
9 D 4 0 9 В 
cluster can be isolated as a dark-red microcrystalline material which has to be scraped off 
repeatedly from the electrode . The crude product is washed with small volumes of acetone to 
remove any traces of the supporting electrolyte. Recrystallization by diffusion of diethylether 
into a methylene chloride solution under inert atmosphere yields elongated trigonali/ prismatic 




A l J g F 6
P g · M-4016.036, 
elemental analysis, cale, С, 43.07; H, 3.01; found, С, 42.71; H, 2.94. The IR spectrum (Csl) 
gives only bands originating from coordinated PPh and free PF . The Ρ [ Η] NMR spectrum in 
3 о 
CD.Cl at room temperature shows a sharp singlet (linewidth 3 Hz) at -53.7 ppm downfield relative 
to TMP and a multiplet originating from PF . The solid state Ρ [ Η] NMR spectrum shows two 
о 
overlapping peaks at -57.0 and -53.1 ppm downfield relative to 85 % Η P0 and an upfield «ulti-
Í97 
plet at ca. 144 ppm which originates from the PF anion (figure 1). The Au Mb'ssbauer spectrum 
о 
could be fitted with one quadrupole pair and one singlet with parameters as listed in Table I 
(Figure 2). Crystal data: Cu Κα (λ-1.5418 S); 3-16.51(2), c=42.66(4) 8, V»10078 i , lattice R, 
Laue symmetry 3 , space group of possibly disordered structure R32. О =1.99 g.cm for Z=3. 
Θ2 
-570 
{jjljht—o^-n « w _ 
-~JW uwJ^-
B 





]PF„ (В); the multiplet at σα. 144 ppm arises from PF„ 
a) Intensity data, structure determination and refinement 
4130 reflections (one half sphere) with 5Ϊηθ/λ<0.42 неге measured on a Nonius 
CkO-lt diffractometer enploying monochromated Cu Κα radiation. During the measurements the crystal 
was kept in a sealed capillary to prevent loss of solvent. The intensities of the control 
reflections did not decrease significantly. No absorption correction was applied, as the crystal 
faces could not be measured accurately inside the capillary (μ-197.51 ся ; crystal dimensions: 
0.25x0.13x0.13 mm). After averaging 793 reflections remained of which 552 had 1>3σ(ΐ) (σ(Ι) 
based on counting statistics); R = 0 . H 7 on all measured intensities, R »0.056 for the 552 
av av 
observed reflections after removal of reflections deviating more than 3σ(ΐ) from the average. 
The positions of the gold atoms were obtained from a Patterson synthesis; the Patterson could 
only be interpreted as a Au cluster with local symmetry 32, which is compatible only with 
4
 8 
space group R32. The phosphorus atoms were found by the DIRDIF procedure . Because of the poor 
quality of the data, no other atoms could be located. The poor quality of the crystal can be 
caused by disorder, which is often found for gold clusters, especially in high-symmetry 
space groups . The observed 552 reflections were used in the refinement by full matrix least-
squares methods, allowing anisotropic vibration for the gold and phosphorus atoms. The weight w 
for each reflection was calculated according to w=ö(F) . The final conventional R-value was 
0.278 for 552 reflections. Positional and thermal parameters can be found in Table II. 
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/E.OCir- I1H/SEC) 
19'/ Figure 2 Au Mössbauer spectra of [AugLg](PFJ (A) and [Au LjPF (В) 
Table I 197 Au Hössbauer parameters For [*u.L.](PF ) and [Au„L ]PF 
9 8 о J 9 b о 
Compound Atom type I.S.(mu/s) g.S.(mm/s) 
^ в^ з 














relative to Pt source; not observed separately 
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It should be remarked that the Patterson nap is not compatible with the known [Au ] skeleton 
g 2 * 































ι J ι J ij 
The e.s.d.'s obtained fro« the least-squares matrix cannot be used as a measure 
for the accuracy of the Au-P skeleton geometry because of the poor quality 
of the data. 
Results and Discussion 
From the electrochemical study on [Au L ] i t was shown t h a t 
У о 
it can be reduced reversibly in two consecutive one-electron steps, resulting 
+ 4 in [Au L ] . Furthermore, the AG for the conproportionation equilibrium is 
э θ 
small, suggesting small structural differences for the [3+] and [1+] clusters 
(at least in solution). 
2 
From simple Hiickel MO calculations it was predicted that the 
two-electron reduction of [Au L ] would be accompanied by a skeletal rear-
У Ö 
rangement from D„, to D0, symmetry (Figure 3). 2n 3a 
In spite of the inaccuracy of the X-ray analysis, the results 
obtained from the Patterson synthesis are clear, showing a Au cluster with 
D symmetry. The radial Au-Au distances are ca. 2.6 A, whereas the peripheral 
Au-Au distances lie between 2.7-3.4 A; both bond lengths are normal for 
centered gold clusters . Although the positions of the phosphorus atoms are 
less certain, they are found at a distance of ca. 2.4 A of the peripheral Au 
atoms and with almost linearly inpointing P-Au vectors (P-Au-Au гІбб-І О11). 
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(Aug)3* (Aug)* 
Figure 3 ProOosed geometrical rearrangement aaaompanying the 
reversible redox reaction 
The molecular structures of the [Au ] and the [Au ] cluster 
9 9 
as obtained from X-ray structure analyses are shown in Figure 4. Both com-
pounds are seen from the same direction with analogous numbering of the gold 
atoms. The [Au ] cluster is shown in a view directly along the threefold axis 
which comprises the P(2)-Au(2)-Au(l)-Au(2')-P(2') entity. Two triangles of 
gold atoms indicated with 3 and 3' are perpendicular to this threefold axis. 
The differences in the positions of the Au(2) atoms in both clusters are 
apparent. Upon reduction the Au(2) atoms are shifted towards positions above 
and below the centres of the 3 and 3' triangles, while furthermore these 
parallel triangles are each twisted in opposite directions around the three-
fold axis with a twist angle of 15°, resulting in a symmetry change from 
D 2 h [3+] to D3 [+]. 
It has to be noted that these differences are observed for the 
solid state, in solution a different situation might be present. 
From the electrochemical study on the two-electron reduction of [AugL ] , 





+ 3+ 9 
Figure 4 The Au-P skeletons of [Au L-] (left) and [Au„L„] (right) , 
from two different views (large circles. Au; small circles, P) 
87 
only a few kcal/mol (less than 3.5 kcal/mol). This is very small, considering 
the observed structural differences in the crystalline state. This low 
activation energy is in accord with the fast fluxional processes which have 
been shown to occur in solution for a number of gold phosphine cluster 
31 1 
compounds by high resolution Ρ [ Η] NMR spectroscopy in the solid state 
5 3+ 
and at variable temperatures in solution . [Au L ] shows in solution in 
9 Ö 
31 1 
the Ρ [ H] NMR spectrum only one line with only slight line broadening when 
going from room temperature down to 150 К (linewidths 25 and 60 Hz respecti-
31 1 
vely). However, the solid state Ρ [ Η] NMR spectrum shows two lines of 
about equal intensity in accordance with the two geometrically distinct 
P-sites (Figure 1). It was concluded that the molecule undergoes a fast 
5 + internal rearrangement, including the metal atoms . Similarly, [Au L ] shows 
э о 
in solution at room temperature a sharp singlet, while in the solid state two 
overlapping peaks can be discerned, in accordance with the two sets of geo­
metrically distinct P-sites (connected with Au atoms 2 and 3 respectively in 
Figure 4). 
197 
It is also interesting to compare the Au Mössbauer spectra for 
197 both compounds (Figure 2). They both have a quadrupole pair in their Au 
Mössbauer spectrum, which can be attributed to the peripheral gold atoms 
coordinated to triphenylphosphine. However, a difference is found in the 
signals for the central gold atoms. No separate signal can be observed for 
the central gold atom in [Au„L ] . EHMO calculations can account for this 
9 θ 
effect, since they show that for gold cluster compounds the observed quadru­
pole splittings are correlated to the asymmetry in the Au(6p) electron 
population . The central and peripheral gold atoms in [Au L ] have very 
9 о 
similar asymmetric Au(6p) electron populations, so there is probably a 
coincidence of the doublets for both types of atoms in this cluster. However, 
the central gold atom in [Au L ] has an almost zero asymmetry in the Au(-6p) 
9 θ 
ΘΘ 
electron populations, and appears therefore as a singlet (Q.S.=0) in the 
197 
Au Mössbauer s p e c t r u m . 
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Ρ [II] NMR Investigation of Gold Phosphine Cluster Compounds, 
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Abstract 
2+ 
A series of gold phosphine cluster compounds - [Au (PPh ) ] , 
[Aug(PPh3)8]
3+
1 Au11[P(p-ClC6H4)3]7(SCN)3> [Au^PPh^CH^PPl^) 5 ]
3 +
 and 
[Au ÍPPh-tCWkPPh,,) J 2 + - has been investigated by 1P [1Н] NMR spectro-
D 2 2 3 2 4 
scopy in the solid state and in solution. Variable temperature measurements 
show that fluxional behaviour occurs for a number of these compounds in 
solution. The equilibration of the geometrically distinct P-sites proceeds 
probably through the internal rearrangement of gold-ligand entities. 
Introduction 
In a previous report it was shown that - with one exception -
31 the proton decoupled Ρ NMR spectra of all investigated Au , Au and Au 
cluster compounds in solution show only one narrow singlet. The simplicity 
of these spectra is remarkable in view of the fact that the crystal struc­
tures of all compounds show the presence of non-equivalent phosphorus atoms. 
90 





 with L=PPh„ where a linewidth of 25 Hz is found). The only 
samples that did not show such a single line spectrum, were mixtures of 
I t 
Au^L^tSCN)- and L (L =P(p-ClC.H ) ). The complicated spectra originate from 
11 7 3 b 4 3 
I 
Au L L (SCN) (x=0-7) mixtures . Homonuclear decoupling experiments showed 
that again all phosphorus atoms within one group of ligands, L or L , 
are equivalent. The mutual coupling constant is 11-14 Hz. 
An explanation for the unexpected equivalence of the phosphorus 
atoms in the NMR spectra of the gold clusters was sought in a dominant trans 
influence of the central gold atom upon the chemical shifts of the phosphines 
coordinated to the peripheral gold atoms . This would cause the shift dif­
ferences between the various gold-phosphine sites to be too small to be 
31 
detected by the apparatus used (Vanan XL-100; Ρ 40.5 MHz). This conclusion 
197 
was in agreement with the interpretation of the Au Mossbauer data of the 
same compounds indicating a strong radial interaction between the gold atoms 
in the periphery and the central gold atom and weak interactions between the 
2 
peripheral gold atoms . 
However, an analysis of the metal skeleton bonding of gold 
197 
clusters and their Au Mossbauer spectra by Extended Huckel Molecular 
Orbital calculations showed that the peripheral interactions are by no means 
3 31 
negligible . In view of these results, the interpretation of the Ρ NMR 
phenomena as described above is not satisfactory. 
31 1 
Here we report high resolution Ρ [ Η] NMR experiments of a 
series of gold phosphine cluster compounds in solution at variable tempera­
tures and in the solid state. From these NMR experiments it appears that 
fluxionality is the keyword in understanding the processes occunng in 
solutions of gold phosphine cluster compounds. In principle, the fluxional 
process can be inter- or intramolecular. It has already been shown , that 
91 
exchange of the phosphine ligands with free phosphine in solution is not fast 
31 
on the Ρ NMR timescale, so such intermolecular process cannot be the origin 
of the observed equilibration. Two possibilities remain for an intramolecular 
process in which the phosphino groups become equivalent. An intramolecular 
mechanism in which the metal skeleton remains rigid while the ligands migrate 
over the cluster surface is less probable, considering the type of ligands 
and the amount of energy involved. An internal rearrangement by a simulta­
neous movement of the gold atoms with the ligands attached to them will be 
shown to be the most probable mechanism for the equilibration of non-
equivalent P-sites. 
E x p e r i m e n t a l 
P [ Η] NMR experiments неге performed in solution on a Bruker WM-200 WB ( Ρ 
81 MHz) and in the solid state on a home-built NMR machine4 ( 'p 73 MHz), with OP(OMe) (TMP) 
as the reference. In the temperature range of 300-180 К we used as a solvent a mixture of 
CD CI /CH CI (15/85) and in the range 210-150 К a mixture of CD2C1 /CH Cl /CHC1F (20/40/40). 
The deuterated solvent was used as an internal lock. To improve the signal to noise ratio a 
line broadening of 20 Hz was applied for the spectra in solution. 
All compounds were prepared according to the literature . 
Results and Discussion 
31 1 
In describing the results of the Ρ [ Η] NMR investigation, 
each gold phosphine cluster compound will be discussed separately (relevant 
data are provided in the Table). 
The compound in which rearrangements are most easily demonstrated 
by NMR is [Au L ] (L=PPh ). In this molecule a bulky triphenylphosphine 
8 8 3 
and seven gold-phosphine entities are bonded to the central gold atom (Fig. 1), 
92 
31 1 
Figure 2 shows the Ρ [ Η] NMR spectra of this molecule in solution at 
different temperatures. At room temperature the spectrum consists of a single 
line at -52.8 ppm (downfield relative to TMP), but when the temperature is 
lowered (ca. 230 Κ), the position of this line shifts slightly to higher 
field while a broad line appears at lower field. Upon further cooling to 
190 К the broad low field line sharpens into a doublet. At this temperature 
also the upfield part begins to split. Further sharpening occurs when the 
temperature is lowered to 180 K. Below 180 К the NMR spectrum does not change 
any more. At this point the spectrum can be decomposed into an AB and an AX 
pattern, which overlap partly. The more intense AB pattern, with a J coupling 
of 87 Hz, is centered at -52.1 and -49.1 ppm and corresponds to six Ρ atoms. 
The AX pattern, with a J coupling of 194 Hz, is centered at -68.8 and -47.3 
ppm and corresponds to two Ρ atoms. The stronger multiplet, therefore, 
arises from the two sets of equivalent atoms 2 and 3 (equivalent because of 
the С -symmetry of the Au-P skeleton). Atoms 1 and 4 are then responsible 
for the weaker AX pattern. 
Figure 1 Au-F skeleton of [Аи
я
Ь„] (L=PPh.) with numbering for the 
4 different P-sites (C? -symmetry) 
93 
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-70 -60 -50 -40 
(ppm rel to TMP) 





tppm rel to TMP/ 
50 
Figure 3 Solid state 31P [1H] NMR spectrum of [Au^PPh )
 3]2+ 
31 1 
Although the solid state Ρ [ H] NMR spectrum is rather broad 
(Figure 3), a definite similarity can be observed with the spectrum of the 
frozen-out molecule in solution. A broad peak is positioned at -50.9 ppm, 
overlapping the total upfield part without any detail. Furthermore two 
downfield peaks at -67.9 and -65.5 ppm can be observed, which correspond to 
the downfield doublet in Figure 2. The sharpness of the latter doublet in the 
solid state NMR spectrum suggests that it should be assigned to the phosphorus 
atom no. 4, which is coordinated to the central gold atom. This central gold 
atom has a small quadrupole splitting due to its almost spherical environ-
3 
ment . When a spin 1=У
г
 is coupled to a quadrupolar spin, line broadening 
occurs in magic angle spinning solid state NMR, if the quadrupole interaction 
is comparable in magnitude to the Zeeman interaction of the quadrupolar 
spin . The assignment of the downfield doublet to the phosphorus atom coordi­
nated to the central gold atom is supported by the exceptional long 
95 
Au . -Ρ distance (2.42 A) in contrast to the other Au-P distances 
centr. 
7 ft 
(2.29-2.33 A) ' . The upfield doublet in Figure 2 should then be assigned 
to the phosphorus atom no. 1 in the trans position to the phosphine attached 
to the central gold atom. 
From the results given above it can be concluded that two types 
of internal rearrangement are operative for [Au L ] in solution. At room 
θ 8 
temperature all phosphorus atoms are equilibrating, since the spectrum shows 
a singlet. At a temperature of ca. 230 К the phosphine coordinated to the 
central gold atom is no longer involved in any internal rearrangement process, 
while the other gold-phosphine entities are still able to move around the 
central gold atom. Upon further cooling the total Au-P skeleton becomes rigid 
at 180 K, since no change can be observed in the spectra down to 150 K. 
The fact that the rearrangements of the [AuQL ] cluster in 
8 8 
solution can be studied in the temperature range 286-180 К is of course 
determined by the rate of those rearrangements. In other gold phosphine 
cluster compounds this rate may be very different, depending mainly on the 
structural features as the following examples will show. 
As can be seen from Figure 4, [Au L ] contains two sets of 4 
У 8 
31 1 9 
Ρ atoms in the crystalline state. In the solid state Ρ [ Η] NMR spectrum 
two signals of about equal intensity can be discerned in accordance with its 
crystal structure. However, all solution spectra in the range from 300-150 К 
show only one singlet with slight line broadening (linewidths in the range 
from 25 to 60 Hz), positioned just in between the two solid state NMR signals. 
This indicates a fast intramolecular process in solution. The fast equili­
bration of the two P-sites can proceed by small conformation changes in the 




Figure 4 Au-P skeleton of [AuJPPh.) „] with numbering for the 2 
different P-sites (D-..-symmetry) 
Such a simple conformation change із not adequate for the 
equilibration of the 3 different P-sites in Au.,[Р(р-С1С н ) 1 (SCN) (See 
11 b 4 J / ó 
Figure 5). Due to solubility problems the lowest temperature experiment for 
this compound was done at 180 K. This spectrum showed a single line, which 
was slightly broadened when compared to room temperature (linewidths 30 and 
55 Hz respectively). The solid state spectrum contains a broad line at -47.θ 
ppm (linewidth 640 Hz) without further detail. Here a fast internal exchange of 
phosphine and thiocyanate is necessary for the equilibration of the different 
P-sites. As was stated already above, a migratory movement of the ligands 
over an immobile gold skeleton is less probable for two reasons. First, the 
amount of energy involved in the simultaneous bond-breaking and formation of 
all gold-ligand bonds is probably considerable, which is in contrast with the 
observed fast equilibration of the P-sites even at low temperatures. 
97 
Figure 5 Au-P-X skeleton for the Au [Pfp-ClCH) J (SCN) cluster with 
numbering for the 3 different P-sites (C, -symmetry; X=SCN) 
Second, although the bridging coordination mode is well known 
for CO ligands in metal clusters, accounting for their fluxional behaviour, 
this type of bonding has not yet been observed for tertiary phosphines. 
More probable is a simultaneous movement of all gold-ligand entities around 
the central gold atom. No gold-ligand bonds have to be broken and also the 
peripheral gold-gold interactions, which have been shown to be important in 
3 
the metal skeleton bonding of the centered gold clusters , can be maintained. 
For the latter process,in contrast to a migratory process on a 
rigid metal skeleton, it should be possible to slow down the process of 
equilibration of the gold-ligand entities around the central gold atom by 
using bidentate phosphine ligands, as for example in [Au,,(dppp)-] (dppp= 
11 b 
PPh [CH ] PPh ). This compound contains the same gold skeleton as the Au 
cluster described above, but the ligands have been substituted totally by 
98 
1 
,3+ Figure 6 Au-P skeleton for the [Au.-(dppp).] cluster with numbering 
for the 4 different P-sites disregarding the propylene bridges, 
which are indicated schematically (C, -symmetry) 
297 К 
-70 
-60 -50 -40 -30 
(ppm rel to TMP) 
Figure 7 Ρ [ Η] NMR spectra at variable temperatures of [Au (dpppì ] 
11 о 
9 9 
bidentate dppp ligands (Figure 6). At room temperature this cluster shows a 
sharp singlet in solution (linewidth 40 Hz), but line broadening can be 
observed upon cooling with coalescence at ca. 235 К (Figure 7). In the range 
220-160 К complicated spectra can be observed, which cannot be interpreted 
at the moment. Again the solid state spectrum is broad and uninformative 
with a single broad peak at -53.4 ppm (linewidth 980 Hz). 
Sofar, we have discussed only the fluxional behaviour of centered 
gold clusters, where an equilibration of the P-sites can occur through small 
conformation changes or by a simultaneous movement of all gold-ligand enti­
ties around the central gold atom. For the smaller non-centered gold clusters 
(less than 8 Au atoms), equilibration in an intramolecular process is also 
possible by small conformation changes in the molecule. Most of these smaller 
clusters have been prepared very recently and have, therefore, not been 
included in this study. Despite geometrical site differences, as for example 
in Au 4(PPh 2CH 2PPh 2) 3I 2
 1 0




 and [Au 7(PPh 3) 7]
+ 1 3
 , 
at room temperature in solution narrow single lines can be observed in the 
31 1 31 1 
Ρ [ Η] NMR spectra. The solid state Ρ [ Η] NMR spectrum of the above 
mentioned Au cluster is broad and complicated and the solid state spectrum 
of the Au 7 cluster shows two lines in accordance with its pentagonal bipyra­
midal Au-P skeleton, indicating in both cases fluxional behaviour in solution. 
In contrast to the centered gold clusters, where the peripheral gold atoms 
are always coordinated to only one ligand, the smaller clusters frequently 
have gold atoms coordinated to two ligands. In these cases it is possible to 
obstruct totally any fluxional behaviour, by "anchoring" the gold-phosphine 
sites. A nice example is the [Au.(dppp)„] cluster (Figure 8). 
b 4 
The Ρ [ Η] NMR spectrum of [Au.tdppp) ] in solution at room 
b 4 
temperature shows two quintets of equal intensity, positioned at -51.1 and 
-60.2 ppm with a coupling of 5 Hz. This spectrum is in agreement with the 
100 
Figure 8 Au-P skeleton of [Au (dppp) J with numbering for the 2 
different P-sites CD. ,-syrmetry); propylene bridges are 
drawn sahematioally 
presence of two magnetically inequivalent sets of 4 Ρ atoms, coupled via the 
14 
Au skeleton . No change can be observed in variable temperature experiments, 
except for a continuous increase of the separation of the signals upon lowe­
ring of the temperature to a maximum value of 14.7 ppm at 170 K. No broadening 
of the signals could be observed upon cooling, so fluxional behaviour does 
not occur in this compound. This temperature dependent splitting is not well 
understood at the moment, but it may be caused by small conformation changes 
of the molecule, resulting in a lessening of the chemical shift differences 
between the two phosphorus sites, although the overall Au-P skeleton remains 
intact. In the solid state spectrum two signals of equal intensity can be 
observed. As expected, the splitting between these two signals (ca. 18 ppm) 
is even larger than that at 170 К in solution. 
101 
Summary 
High resolution Ρ [ Η] NMR spectroscopy in the solid state or 
at variable temperatures in solution shows that some gold phosphine cluster 
compounds are fluxional in solution. The equilibration of the geometrically 
distinct P-sites proceeds through an internal rearrangement of the molecule, 
including the metal atoms. This internal rearrangement can be either small 
conformation changes or the simultaneous movement of all gold-ligand entities 
around the central gold atom in the centered gold clusters. The rate of 
rearrangement depends on the structural features of the gold phosphine 
clusters, ranging from very fast to a total standstill, when the gold atoms 
are anchored by interconnecting bidentate ligands. 
102 
31 1 
Table : Ρ [ Η] NNR data of some gold phosphine cluster compounds; linewidths are given 
within parentheses and peak positions in ppm dounfield relative to IMP 
Compound T(K) Peak positions in solution Solid state 
[ A u J P P h J J i N O j , 2B6 -52.В -50.9 (685), 
8 3 о J с 
270 -52.2 -65.5 (180), 
230 -50.4, -68.7 -67.9 (180) 
210 -50.3, -68.7 
200 -50.0, -67.5, -69.1 
190 -45.8, -50.4, -52.0, -68.3, -70.0 
180 -46.0, -48.6, -49.8, -51.7, -52.7, 
-67.6, -70.0 






](N0j, 300 -54.6 (25) -45.3 (270), 
9 3 о 3 3 
150 -54.9 (60) -65.2 (450) 
Au,,[P(p-ClC H ) , ] , ( S C N ) , 290 - 4 8 . 2 ( 3 0 ) - 4 7 . 8 ( 6 4 0 ) 
11 6 4 3 7 3 
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CHAPTER 8 
Molecular Orbital Analysis of the Bonding in Gold Tertiary 
197 Phosphine Clusters and their Au Mössbauer Spectra. 
* 
J.W.A. van der Velden and Z.M. Stadnik 
(Research Institute for Materials, Faculty of Science, 
Toemooiveld, 6525 ED Nijmegen, The Netherlands) 
Abstract 
Extended HUckel Molecular Orbital calculations have been used 
in the analysis of the bonding in some mononuclear gold(I)-compounds and 
in a series of gold clusters with mondentate tertiary phosphines. The nature 
of the metal-metal bond in gold clusters is discussed in terms of calculated 
overlap populations, which correlate well with crystallographically determi-
ned bond distances. Furthermore, an empirical correlation has been establis-
197 hed between the Au(6p) electron population and the Au Mössbauer quadrupole 
197 
splitting, providing a better understanding of the Au Mössbauer spectra of 
gold clusters. An explanation is provided for the absence of a separate sig-
nal for the central Au atom in the [Au (PPh ) ] and [Au.tPPh ) ] clusters. 
Э o ο θ 3 7 




Extended Hückel Molecular Orbital (EHMO) calculations on the bare 
skeletons of the [Au ] and the [Au ] clusters have shown that the Au(6s) 
orbitale dominate the bonding . The dominant role of the Au(6s) orbitala in 
the bare gold clusters is caused by: 
i. the large 6s-6p energy separation which makes hybridisation for gold 
less attractive as compared with Cu, Ag and other transition metals. 
ii. the strong contraction of the Au(5d) orbitals. 
1 2 
These observations induced Mingos and Vollenbroek et al. to carry out Hückel 
calculations in which only 6s-6s overlaps between adjacent gold atoms were 
considered. This resulted in a similar energy level ordering as in the EHMO 
calculation and in a successful prediction of the ionic charge on the bare gold 
1 2 
skeletons ' . To study the effect of the coordination of ligands to a bare me-
tal skeleton, also an EHMO calculation was performed on [Au.L ] (L = terti-
6 6 
ary phosphine) . One filled Atomic Orbital (АО) was used per ligand, in cor­
respondence with the lone pair donated by the tertiary phosphine upon coordi­
nation. From this calculation it was concluded, that coordination of ligands 
to the bare metal skeleton of the [Au.] cluster favours inpointing hybridi-
b 
sation of the metal orbitals. This result was, however, generalized for the 
larger centered gold clusters, resulting in strong radial and weak peripheral 
interactions. 
In this report we describe the results of EHMO calculations on 
some mononuclear Au(I) compounds and a series of gold cluster compounds ta­
king into account for the gold atoms the AutSd), (6s) and (6p) AO's. The phos­
phine ligands were substituted by PH units, taking into account the P(3s), 
(3p) and H(ls) AO's (Table I). These calculations give an insight into the 
metal skeleton bonding. They show the importance of the peripheral interac-
106 
tions versus the radial interactions in centered gold clusters, which has been 
3 
a point of discussion . Also the absence of a separate signal for the central 
3+ 2+ 197 
gold atom in [Aun(PPh ) ] and [Au (PPh ) ] in the Au Mössbauer spectra 
Э 3 8 Θ 3 7 
has been subject to discussion. It has been postulated that for some reason 
its intensity might be too low to be detected or that its signal coincides 
3 
incidentally with that of the peripheral gold atoms . It will be shown that 
the Au(6p) electron populations can be correlated with the observed quadru-
197 
pole splittings in the Au Mössbauer spectra. This provides a better under-
197 
standing of the Au Mössbauer spectra of the gold clusters and gives a good 
explanation for the absence of a separate signal for the central gold atom in 
the two above mentioned clusters. 
Experimental 
Caloulations 
The siolecular orbitals of the mononuclear Au(l) compounds and gold clusters were 
i, 
calculated by means of the LCAO-HO extended Huckel method . The computer program uas based on 
the self-consistent charge method. In this method a set of secular equations of the form 
E. (H.. - ES. )c. = 0 (1) 
J 1J iJ J 
is constructed in a semi-empirical nay. The overlap matrix elements S.. defined by: 
V^i'Y (2) 
are calculated with the S l a t e r type atomic o r b i t a l s ψ . . The Hamiltonian matr ix element 
H. . is defined by: 
H.. = < ψ | Η | ψ.> ( 3 ) 
iJ ι e f f j 
where Η is an effective one-electron Hamiltonian, which is chosen to be charge 
ef r 
dependent, according to: 
H.. - - α. -kß.q -к γ.ς (4) 
il ι ι а ι а 
a n d
 Η.. = KS..(H..
 +
 Η..) / 2 (5) 
iJ iJ υ JJ 
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Here α. + 8-4 + Ύ. 1 " ^е Valence State Ionization Energy (VSIE) of огЬііаІф., q is the i i a i a ι a 
Mulliken charge of the atom a on uhich the orbital ψ. is centered and kB.q + к Y.q describes 
i i a ι a 
the charge dependency of the VSIE, with к (k="0-l) as an empirical parameter for the influence 
of the surrounding atoms. The value of the empirical constant K, introduced by Holfsberg and 
Helmholz, lies usually between 1.5 and 3.0. Calculations with к - 0 and К - 2.5 have given re­
sults independent of the chosen parameters for Cu(dtc) , and therefore these values have also 
been used. With к = 0 no iterative calculations are required, uhich limits the computer time. 
From atomic spectra a. can be calculated . Except for the Au(5d) Orbitals, which were repre­
sented by double exponent functions, we have used single exponent Slater orbitals retaining only 
7 8 9 
the term with the highest power of R from the functions given in the literature ' ' (Table I). 
All the distances, which were used in the calculations, are the averages of the experimentally 
found distances for a large series of gold cluster compounds. For all Au-P distances 2.30 A 
was used. For all non-centered gold clusters (2-7 Au atoms) Au-Au distances of 2.70 A were used 
with idealized structures (Table II). All centered gold clusters ( -1Э Au atoms) are found to 
have structures, which are related to the icosahedron. Therefore icosahedrally derived structures 
with uniform radial distances of 2.70 A and peripheral distances of 2.86 A have been used, with 
linear P-Au-Au entities. To limit the calculation time, phosphines were substituted by 
centr. 
PH units (P-H = 1.42 i and H-P-H - 104°, uhich is the C-P-C angle in coordinated PPh in gold 
phosphine clusters). 
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The Bonding in the Gold Cluster Skeleton 
1 2 
Both Mingos and Vollenbroek et al. have pointed out that the 
bonding in the metal skeletons of ligand containing gold clusters is dominated 
by linear inpointing Au(s-z) hybrids. In the centered gold clusters ( 8 - 1 3 
Au atoms) this results in strong centre-to-periphery (or radial) interactions 
and weak peripheral interactions on the outside of the cluster. However, it 








1 2 3 4 5 6 7 β 9 10 11 12 13 
number of Au atoms 
Figure 1 Mean overlap population per Au-Au bond versus the number of gold 
atoms in a cluster (see also Table ID. For centered gold clus­
ters mean overlap populations are shown separately for radial (o) 
2+ + 
and peripheral (+) Au-Au bonds; a = [Au0L ] and b = [AunL0] . 
о / 9 о 
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In Figure 1 the calculated mean overlap populations per Au-Au bond 
versus the number of gold atoms in a cluster is shown (see also Table II). 
For Au L (L = PH ) a maximum value is observed, which decreases continuously 
with increasing cluster size. This trend, however, does not lead to an increa­
sed instability upon cluster growth, since the number of intermetallic bonds 
increases also very drastically. 
To evaluate the relative importance of radial versus peripheral 
bonding in centered gold clusters, we have given in Figure 1 and Table II 
separately the overlap populations for radial and peripheral bonding. It can 
be noticed that the peripheral bonds are always weaker (65 + 5% in all calcu­
lations) than the radial bonds.This is in agreement with the larger peripheral 
bond length (2.86 A) as compared with the radial bond length (2.70 A). The 
effect of the bond length upon the overlap population can be judged from cal­
culations on a Au -dimer (Table III). 

















In contrast with the earlier interpretations of the metal skeleton 
1 2 
bonding in centered gold clusters ' , it can be seen that the radial and pe­
ripheral bond strenghts are of comparable magnitude. The total overlap popu­
lation in the peripheral Au-Au bonds relative to the radial Au-Au bonds in­
creases rapidly upon cluster growth. This is caused by the rapidly increasing 
number of neighbouring interactions when more gold atoms are added to the 
110 
Table II Overlap populations involved in the gold skeleton bonding for a series of gold clusters. 
Compound 
Au„L0 2 2 
2+ 
t A U 3 L 3 ] 
[ A u4 L4 ] 
f A u6 L6 ] 
[Au 7L 7]
+ 
[ A U 8 L 8 ] ' + 
[ A V 7 ^ + 
[ AV8 ] 
[Au 9L 8]
+ 
[ A uii Lio ] 









































Mean overlap population per specified 



























X-ray analyses have provided the structures on which the ЕНМ0 calculations have been performed ; 
clusters with 2, 3 or 5 gold atoms are hypothetical and have been assigned the most probable structures 
As the criterium for significant Au-Au bonding a minimum overlap population of 0.05 was used See experimental section 
periphery. For a Au cluster this results in almost twice the overlap popula­
tion in the peripheral network when compared with the radial network. 
Therefore, centered gold clusters should be described with strong 
radial Au-Au interactions. The peripheral Au-Au interactions are of comparable 
magnitude, but their total overlap population is dominant for the larger clus­
ters. 
To establish the validity of the above considerations, the calcu­
lated overlap populations and the crystallographically determined bond 
lengths were compared for two gold phosphine clusters: [Au (P(p-tolyl) ) ] 
9 o b 
and [Au (PPh ) ] ' . These two were chosen, because they represent two 8 3 8 
structurally different types of centered gold clusters. In the Au cluster 
Θ 
the central Au atom is bonded to 7 Au-phosphine entities and one phosphine. 
In the Au cluster the central Au atom is surrounded by 8 gold-phosphine en­
tities from which four deviate from linearity (150°, see Figure 2) 
3+10 
В 
3+ 2+ Figure 2 Au-P skeletons for [Аи
л
Ъ0] and [Au0LQ] with numbering schemes 
У о о о 
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In Table IV a comparison is made between the calculated overlap populations 
and bond lengths for both compounds. A reasonable correlation can be observed 
with strong and short radial bonds and somewhat weaker and longer peripheral 
bonds. Two calculations have been performed on the Au cluster, one with only 
linear P-Au-Au . entities and one with four linear and four bent (150°) 
centr. 
entities, but all Au-Au and Au-P distances were kept constant. It is remar­
kable, that the overlap populations between the atoms 6-7 and 8-9 increase, 
which are the atoms in the bent entities. 
-.3+ 
Table IV Bond lengths versus the overlap populations in Au-Au bonds for [Au LI and 
2+ [Au L ] (I: idealized structure; II: realistic structure (see text) ). 
о 0 
Compound 
[ A y / * 
[ A V8 ] 2 + 
Bond 
1 - 2 , 3 . 4 , 5 
1 - 6 , 7 , 8 , 9 
6-7,8-9 
2-5,3-4 






































2.87 + 0 . 0 2 
2.64 
2.70 + 0.01 
2.72 + 0 . 0 1 
2.87 + 0.03 
2.86 
2.93 + 0.03 
In contrast to the Au cluster the bonding in the Au cluster is 
quite different, since the radial interactions are dominant not only in 
strenght but also in number as compared to the peripheral interactions (see 
also Table II). Remarkable is the very strong interaction between Au(2) and 
the central atom Au(l). This Au(2) shows almost no interactions with other 
peripheral gold atoms and can be considered to be bonded exclusively to the 
113 
central gold atom and a phosphine ligand in an exact trans position. This 
result has also been obtained for the structurally analogous [AuQL ] and 
I у о 
[ A uii Lio ] 3 +· 
The overlap population present in the Au-P bond is constant 
(0.364(1)). There is, however, one exception: the phosphine bonded to the 
central gold atom in [Au L ] is significantly weaker bonded (0.307). 
Structurally this weakness in bonding is expressed in a very long Au -Ρ 
bond (2.42(1) X) compared with any other Au-P bond in gold triarylphosphine 
clusters (2.29(2) A). Sterical hindrance has been suggested to be a factor 
in the lengthening of this Au-P bond, but certainly also electronical factors 
play an important role and weakening could be caused by the strongly bonded 









 1/4 [RhCKPPhj)^ • C ^ 
where exclusively the phosphine coordinated to the central gold atom is 
abstracted 
Energy Level Ordering 
In Figure 3 energy level schemes are shown for a series of gold 
cluster compounds ranging in size from 2 to 13 gold atoms and also for the 
metal-phosphine fragment which may be considered as a building block for gold 
13 
and the platinum-group clusters . For the Au-phosphine fragment the orbitals 
which have dominant 5d-character are practically non-bonding. The orbitals 
which are dominantly involved in the metal-metal bonding of this fragment are 
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Figure S Relative energy level scheme for a series of gold cluster compounds and the AuL fragment 
In describing some trends in the energy level schemes for this 
series of gold clusters, the following remarks can be made-
i. Every gold cluster has one low-lying totally symmetric MO which is 
strongly bonding in the Au skeleton and shows a stabilization upon 
increasing cluster size. This MO is dominantly constituted by hybridised 
Au(6s-5d 2) AO's, where the percentage 5d 2 character decreases from 70% 
ζ ζ 
to 15% upon increasing the cluster size from 2 to 13 gold atoms. 
ii. There are n-1 MO's representing Au-P σ bonds for clusters containing 
η AuL fragments. 
m . The following group of 5n+l MO's for a cluster of η gold atoms is essen­
tially non-bonding. These MO's are dominated by Au(5d) orbitals. 
iv. The next levels are either empty or (partly) filled. The weakly bonding 
MO's arise mainly from σ and/or π interactions between electrons in 
Au(5d) and Au(6p) AO's. The number of filled MO's ranges from 0 to 3 
going from 2 to 13 gold atoms. 
From the above mentioned trends it may be concluded that the gold 
skeleton bonding in gold clusters is mainly determined by a low-lying total­
ly symmetric MO arising from bonding interactions between all gold atoms. 
Also of importance for the gold skeleton bonding are the highest filled MO's 
(group iv), since group n and ш represent only the gold-ligand interac­
tions and the essentially non-bonding Au(5d) levels. Comparing our results 
with the energy level schemes obtained from the Huckel calculations on the 
1 2 bare gold skeletons ' a similar energy level ordering can be observed when 
considering only the MO's involved in the gold skeleton bonding. 
116 
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EHMO Calculations and Au Mössbauer Spectroscopy 
197 
Au Mössbauer spectroscopy is a technique which can be used 
successfully to obtain specific information about the electronic properties 
of the gold atoms in gold clusters. Several reports have shown that the Möss-
bauer spectra can be interpreted by assuming different gold sites, with para-
meters which are mainly determined by the ligand present at the particular 
gold site, while geometrical site differences often have no detectable influ-
ence. Thus, for centered gold clusters, the peripheral gold atoms in 
Au (PPh ) X and [Au (PPh ) X ] give rise to two quadrupole pairs in their 
11 j I о 11 о о с. 
Mössbauer spectra, while those in [AuQ(PPh_)„] , [AuQ(PPh ) ] , 
о О / о О ö 
[Aug(PPh3)8] + , [Aug(PPh3)8]3+ and [Au^PPh^CH^PPh^] 3"'' give rise to only 
12 14 15 
one quadrupole pair ' ' . The I.S. and O.S. parameters are in the region 
which is typical for linearly coordinated Au(I) compounds. It has, therefore, 
been argued that the peripheral gold atoms are seemingly linearly hybridized 
with one hybrid orbital involved in the bonding of the ligand and the other 
14 2+ in the bonding of the gold cluster . The central gold atom in [AuD(PPh ) ] , 
о о о 
[Aug(PPh3)8]
 +
 , Au 1 1(PPh 3) 7X 3 and [Au^PPhg)^]"
1
" shows up as a singlet in 
the Mössbauer spectrum. The zero quadrupole splitting (Q.S.) has been ascribed 
to the almost spherical symmetry of the environment of the central gold atom. 
It has always been puzzling, however, that for the two structu-
rally related [Au (PPh ) ] and [Au (PPh ) ] , no separate signal could be 
У о ö ö d / 
detected for the central gold atoms. As the quadrupole splitting is caused by 
a non-symmmetric charge distribution, it is mainly determined by a non-sphe-
rical electron population of the Au(6p) orbitals in these clusters. The elec-
tron population in the Au(5d) levels is practically spherical and constant 
in all calculations and will have no great effect on the quadrupole splitting. 
An increase in the asymmetry in the Au(6p) electron population should result 
117 
in an increase in the quadrupole splitting. An asymmetry factor A is introdu­
ced at this point, defined as: 
A = Σ. |Ê. - E c | i=x,y,z 6p 6p. 
where E represents the net population in a Au(6p) orbital. The larger the 
6p 
sum of the absolute differences between the mean and individual net popula-
tion in the Au(6p) orbitals, the larger will be the electric field gradient 
on a Au atom. It must be stressed that this approach is a simplification. 
A clear treatise on the relationship between the electric field gradient and 
the net populations of the Atomic Orbitals has been given by de Vries 
Due to limitations in the EHMO program, this exact approach could not be used 
for the calculations on gold clusters. 
In Figure 4 (see also Table V) A is plotted against Q.S. and the 
following observations can be made: 
i. The Au(I) compounds lie in the range with largest Q.S. and A which re-
flects the linear coordination geometry in these compounds. 
ii. For the so-called centered gold clusters it can be observed that 
a. the peripheral gold atoms occupy a restricted area with lower Q.S. 
and A, indicating a decrease in linear character compared with the 
Au(I) compounds and therefore reflecting the peripheral interactions. 
b. The central gold atoms in Au -, Au , [Au (PPh ) ] and 
lo 11 У 3 о 
2+ * 
[Au (PPh ) ] have a very small A and a zero Q.S. , which implies 
an almost equal population of the Au(6p) orbitals. As has been for­
mulated in the section on overlap populations, these clusters are 
structurally related, showing indeed a spherical symmetry for the 
central gold atom. In contrast, the A for the central gold atom in 
197 
No Au Mossbauer spectrum has been measured for the Au cluster. 
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Q.S. (mm/s) 
Figure 4 Q.S. versus A (= Σ. Iff. 
>,-
Ρ /or some Au(I) compounds 
and gold clusters. The dotted line corresponds to the formula 
i 
Q.S.=<9.9ÌA obtained from a least-squares analysis of the 
data collected in Table V. 
[Au (PPh ) ] + and [AUgiPPh ) ] + is rather large and quite 
comparable to those of the peripheral gold atoms, providing an 
explanation for the fact that no separate signal could be observed 
for the central gold atoms in these two clusters: the quadrupole 
pairs for the central and peripheral gold atoms coincide. 
iii. Three other gold clusters which are of interest are the pentagonal bi-
pyramidal [Au (PPh ) ] , the bridged tetrahedral [Au (μ-Au) (PPh -
[CH 2] 3PPh 2) 4]
2 + 1 β
 and the iodine-bridged Au 4(PPh 3) 4U-I) 2
 19
', whose 
crystal structures have been determined recently (no.'s 5, 6 and 12 in 
119 
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Table V Measured Au Mossbauer quadrupole splittings (Q.S.; mm/s) 
versus the asymmetry parameter A (= Σ |E„ - Ε I ). 
i=xIy,z
l
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not observed as a separate signal; not measured 
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Figure 4 and Table V). The Mossbauer spectrum of the first one consists 
of two quadrupole pairs which could be assigned to the axial and the 
equatorial gold atoms. The calculations show that the equatorial gold 
atoms have a large A in accordance with the observed large Q.S., 
behaving almost as linear Au(I) compounds. The axial gold atoms, 
however, have a small asymmetry factor and a small Q.S. but larger 
than, for example, a central gold atom in the icosahedral Au cluster 
to which it is structurally related. The calculations on the Au-bndged 
[Au (μ-Au) L ] (L=PH ) show comparable A's for the two gold sites in 
4 2 8 3 
this cluster, which agrees with the observed quadrupole splittings. 
This seems strange at first sight, since analogously to Au(I) compounds 
a large difference would be expected for gold atoms bonded to one or 
two phosphino groups. This indicates that results obtained from the 
Mossbauer spectra of Au(I) compounds should be handled carefully in 
comparison with Mossbauer results for gold clusters. Similar to the 
equatorial gold atoms in the Au cluster and the two gold sites in the 
Au. cluster, the gold atoms in Αυ„Ι..(μ-Ι)- show a relatively large A 
о 4 4 2 
when compared with the peripheral gold atoms m the centered gold 
clusters. This should be attributed to the lower connectivity for the 
gold atoms in these smaller gold clusters. 
A least-squares analysis of the data collected in Table V gives the following 
empirical correlation: Q.S.=(9.9 + 0.5)A2. No correlation has been found 
between the calculated electron populations and the isomer shift (I.S.), 
which is not astonishing in view of the complexity of the factors that deter­
mine the electron density at the Au nucleus, such as screening effects and 
the restrictions of the EHMO method. Empirically, however, a linear corre­
lation has been established between Q.S. and I.S. for a huge number of Au(I) 
14 20 
and Au(III) compounds and also for gold clusters ' 
121 
Conclusion 
EHMO calculations have shown to be useful in obtaining insight 
in the bonding of the gold skeletons of gold cluster compounds and also in 
197 
the understanding of the quadrupole splittings observed in the Au 
Mössbauer spectra. Centered gold cluster compounds should be described as 
compositions of gold atoms with strong radial Au-Au interactions. The 
peripheral Au-Au interactions are of comparable magnitude, but their total 
overlap population is dominant for the larger clusters. Despite the large 
number of gold atoms which can surround a central gold atom, large differen-
ces in Au(6p) electron configurations can occur which can be correlated 
197 
simply to the observed quadrupole splittings in the Au Mössbauer spectra. 
An explanation has been found for the absence of a separate signal for the 
central gold atom of [Au (PPh„)Q] and [AuQ(PPh_)„] 
Э J ö 8 3 / 
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Summary 
This thesis deals with three main subjects: 
a. preparation and reactivity of gold cluster compounds (Chapters 1-6) 
b. the study of their fluxional behaviour in solution (Chapter 7) 
c. Extended Huckel Molecular Orbital (EHMO) calculations which give in-
197 
sight into the metal skeleton bonding and the Au Mossbauer spectra 
of gold cluster compounds (Chapter 8). 
The study of the reactivity of [Au L ] (L = PPh ) with 
У 8 о 
various Lewis bases has not only yielded a series of novel gold cluster 
compounds, but has also given more understanding of the electronic and 
structural factors that govern gold cluster compounds. 
In Chapter I the isolation and X-ray analysis of [Au L ] is 
8 / 
described. This cluster is thought to be responsible for the remarkable 
reactivity of [AuQL ] , as has been shown clearly from its intermediacy 
in the [Au_L ] <-+ [Au0L ] interconversion reactions. Its reactivity 
Э о o b 
has been ascribed to the presence of a coordinatively unsaturated central Au 
atom. The reaction of [Au L ] with [Co(CO) ] - has led to the formation 
θ 7 4 
of the first heteronuclear Au-Co cluster, Au-L.[Co(CO) ] , which structure 
6 4 A ¿ 
has been determined. 
As the interconversion reactions of gold cluster compounds 
proceed often through fragmentation - recombination reactions, the presence 
of small intermediates was postulated. Chapter 2 describes the (unsuccessful) 
attempt to isolate such a small intermediate. This led, however, to the dis-
covery of a novel gold cluster compound, the pentagonal bipyramidal [Au L ] . 
124 
This cluster has been shown to be an important intermediate in the forma­
tion and the reactivity of gold cluster compounds. Also in Chapter 2 the 
isolation and characterization is described of [Au L I ] which is an inter-
o 6 
mediate in the conversion of [Au L ] towards Au L (μ-Ι) . 
Chapter 3 reports the preparation and X-ray analysis of 
Au (dppmH) I (dppmH = PPh„CH PPh ) which could be prepared by substituting 
the monodentate phosphine ligands in Au L (μ-Ι) by the bidentate dppmH li-
gands. This is the first gold cluster containing gold atoms coordinated to 
three ligands. Another interesting feature is the triply bridging iodine 
which caps a triangle of gold atoms. 
In Chapter 4 the synthesis and X-ray structure determination of 
[Au
=
(dppmH)_(dppm)] (dppm = [PPh,XHPPh„]-) is detailed. It is remarkable 5 3 2 2 
that three different reactions - reduction of a Au(I) compound, gold metal 
evaporation and the reaction of [Au L ] with dppmH - all lead to the same 
product. All physical data support the description of this cluster as a tetra-
hedral Au cluster incorporating a linear Au(I) entity. The presence of an 
Au-C bond formed by the deprotonation of a methylene bridge in the bidentate 
phosphine ligand is one of the most intriguing features. 
Chapter 5 describes the reaction of [Au L ] with dppp 
э о 
(= PPh_[CH„]„PPh0 ) which leads to the formation of [Au.(dppp)„]
 +
. As was 2 2 o ¿ 6 4 
shown by X-ray analysis, it has four Au atoms on the vertices of a tetrahe-
dron and two Au atoms bridging over opposite edges. The highly symmetric 
31 1 
molecule has important implications for the interpretation of the Ρ [ Η] 
197 
NMR and the Au Mössbauer spectra of gold cluster compounds in general. 
125 
Chapter 6 contains a comparative study of [Au L ] and [AuQL ] 
Э о У b 
31 1 197 
on the basis of structural, (solid state) Ρ [ Η] NMR and Au Mossbauer 




In Chapter 7 high resolution Ρ [ H] NMR spectroscopy m the 
solid state or at variable temperatures in solution is reported, showing 
fluxional behaviour for a number of gold phosphine cluster compounds in solu­
tion. The equilibration of the geometrically distinct P-sites proceeds 
through the internal rearrangement of the molecules, including the metal 
atoms. Depending on the structural features, the rate of rearrangement va­
n e s from very fast to a virtual standstill on the NMR timescale. 
Chapter 8 shows that EHMO calculations can be used successfully 
in the analysis of the bonding in some mononuclear Au(I) compounds and a 
series of gold clusters. Also a better understanding has been obtained of 
197 
the quadrupole splittings observed in their Au Mossbauer spectra. Centered 
gold clusters should be described as compositions of gold atoms with strong 
radial Au-Au interactions. The peripheral Au-Au interactions are of compara­
ble magnitude and dominate for the larger clusters. An explanation has been 
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found for the absence of a separate signal in the Au Mossbauer spectra 
for the central Au atoms in [Au L ] and [Au L ] from an empirical cor-
Ö / 9 8 




Dit proefschrift behandelt drie hoofdonderwerpen: 
a. bereiding en reactiviteit van goud cluster verbindingen (Hoofdstukken 1-6) 
b. de bestudering van hun fluxioneel gedrag in oplossing (Hoofdstuk 7) 
c. Extended Hückel Molecular Orbital (EHMO) berekeningen, die inzicht 
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verschaffen in de binding van het metaalskelet en de Au Mössbauer 
spectra van goud cluster verbindingen (Hoofdstuk 8). 
De bestudering van de reactiviteit van [Au L ] (L=PPh ) met 
verscheidene Lewis basen heeft niet alleen een serie nieuwe goud cluster 
verbindingen opgeleverd, maar heeft ook geleid tot een beter begrip van de 
electronische en structurele factoren die bepalend zijn voor goud clusters. 
In Hoofdstuk 1 wordt de bereiding en de kristalstruktuur analyse 
van [AuQL ] beschreven. Dit cluster wordt verantwoordelijk geacht voor de 
o 7 
opmerkelijke reactiviteit van [Au,.Ln] , aangezien het duidelijk is aangetoond 
als intermediair in de [Au L ] •-•[Au L ] omzettingsreactie. De reactiviteit 
У 8 o o 
wordt toegeschreven aan de aanwezigheid van een coördinatief onverzadigd 
centraal Au atoom. De reactie van [Au L-] met [Co(CO) ]~ heeft geleid tot 
de vorming van het eerste heteronucleaire Au-Co cluster, Au.LJCoiCO) „]„, 
Ό 4 4 2 
waarvan de struktuur bepaald is met Röntgendiffractie. 
Aangezien de omzettingsreacties van goud cluster verbindingen 
vaak via fragmentatie-recombinatie reacties verlopen, werd de aanwezigheid 
van kleine intermediairen gepostuleerd. Hoofdstuk 2 beschrijft de (mislukte) 
poging om zo'η klein intermediair te isoleren. Dit leidde evenwel tot de 
ontdekking van een nieuwe goud cluster verbinding, het pentagonaal 
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bipyramidale [Au L ] . Het is aangetoond, dat dit cluster een belangrijk inter­
mediair is tijdens de vorming en de reacties van goud clusters. Ook wordt in 
Hoofdstuk 2 de bereiding en de karakterisering beschreven van [AuQL I] , wat 
o b 
optreedt als een intermediair in de omzetting van [Au.L ] in Au L (μ-Ι) . 
У o 4 4 ¿ 
Hoodstuk 3 rapporteert de bereiding en de kristalstruktuur analyse 
van Au.(dppmH) I (dppmH=PPh CH„PPh ). Deze verbinding werd bereid door de 
substitutie van de monodentaat fosfine liganden in Au L (μ-Ι) door de biden-
taat dppmH liganden. Dit is het eerste goud cluster met Au atomen, gecoördi-
neerd aan drie liganden. Een ander interessant kenmerk is het drievoudig 
bruggende jodium, dat een driehoek van Au atomen bedekt. 
Hoofdstuk 4 beschrijft de synthese en de kristalstruktuur bepaling 
van [Au (dppmH) (dppm)] (dppm=[PPh CHPPh ] ). Opmerkelijk is dat drie ver-
schillende reacties - reductie van een Au(I) verbinding, goud metaalverdamping 
en de reactie van [Au L ] met dppmH - tot hetzelfde product leiden. Alle 
gegevens ondersteunen de beschrijving van dit cluster als een tetraëdrisch 
Au cluster, wat een lineair Au(I) fragment bevat. Een van de meest intrige-
rende kenmerken is de aanwezigheid van een Au-C binding, gevormd door de 
deprotonering van een methyleen brug in het bidentaat fosfine ligand. 
Hoofdstuk 5 beschrijft de reaktie van [Au.L ] met dppp 
(=PPh„[CH„]0PPh„), wat leidt tot de vorming van [Au,(dppp) .] +. Zoals blijkt 
uit de kristalstruktuur analyse, heeft het 4 Au op de hoekpunten van een 
tetraëder en 2 Au bruggend over tegenovergelegen zijdes. Het zeer symmetrische 
31 1 
molecuul heeft belangrijke gevolgen voor de interpretatie van de Ρ [ Η] NMR 
197 
en Au Mössbauer spectra van goud cluster verbindingen in het algemeen. 
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Hoofdstuk 6 bevat een vergelijkende studie tussen [Au L ] en 
[Au L ] op basis van structurele, (vaste stof) Ρ [ Η] NMR en Au 9 8 
Mössbauer gegevens. [Au L ] kan worden bereid door de coulometrische 
π 3+ 
twee-electron reductie van [Au L J 
31 1 
In Hoofdstuk 7 wordt hoge resolutie Ρ [ H] NMR spectroscopie in 
de vaste toestand en bij verschillende temperaturen in oplossing beschreven, 
wat fluxioneel gedrag aantoont voor een aantal goud fosfine clusters in op­
lossing. Het gelijkwaardig maken van de geometrisch onderscheidbare P-sites 
verloopt via de interne herrangschikking van de moleculen, met inbegrip van 
de metaal atomen. Afhankelijk van de structurele kenmerken, varieert de snel­
heid van herrangschikking van zeer snel tot een feitelijke stilstand op de 
NMR tijdschaal. 
Hoofdstuk 8 laat zien dat EHMO berekeningen op succesvolle wijze 
gebruikt kunnen worden voor de analyse van de binding in enkele Au(I) ver­
bindingen en een serie goud clusters. Ook wordt een beter begrip verkregen 
197 
van de quadrupool opsplitsingen, die waargenomen worden in hun Au 
Mössbauer spectra. Gecentreerde goud clusters zou men moeten beschrijven als 
samenstellingen van goud atomen met sterke radíele Au-Au interacties. De 
perifere Au-Au interacties zijn van vergelijkbare grootte en domineren voor 
de grotere clusters. Er is een verklaring gevonden voor de afwezigheid van 
197 
een afzonderlijk signaal in de Au Mössbauer spectra voor de centrale Au 
atomen in [Au L ] en [Au L ] uit een empirische correlatie tussen de ö / 9 ö 
quadrupool opsplitsingen en de Au(6p) electronen populaties. 
129 
Curriculum Vitae 
Jan van der Velden werd geboren op 24 augustus 1954 te Asten. 
Zijn Gymnasium-B opleiding voltooide hij in 1972 aan het St. Willibrord 
Gymnasium te Deurne. In datzelfde jaar werd begonnen met de Scheikunde 
studie aan de Katholieke Universiteit te Nijmegen. Het Kandidaatsexamen (SI) 
werd afgelegd in mei 1975 gevolgd door het Doctoraalexamen in februari 
1979 met als hoofdvak Anorganische Chemie (Prof. dr. ir. J.J. Steggerda) 
en als bijvakken Organische Chemie (Prof. dr. R.J.F. Nivard) en 
Molecuulspectroscopie (Prof. dr. E. de Boer). Sinds 1 maart 1979 heeft hij 




1. De waarneming van Watanabe en Drysdale, dat de ferritine m-RNA's 5% van 
de totale polysomale m-RNA's vormen, kan op grond van hun slechte 
celvrije translatieresultaten in twijfel getrokken worden. 
N. Watanabe en J. Drysdale, Biochem. Biophys. Res. Commun., 103, 207 (1981) 
2. De twijfel aan het bestaan van [Cu(PPhJ0J wordt niet weggenomen door de 
ó o η 
X-ray Absorption metingen van Hurugesan et al. 
A.J. Layton, R.S. Nyholm, G.A. Pneumaticakis en M.L. Tobe, Nature, 214, 
1109 (1967); 218, 950 (1968); T. Murugesan, P.R. Sarode, J. Gopalakrishnan 
en C.N. Ramachandra Rao, J. Chem. Soc., Dalton Trans., 837 (1980) 
3. De beperkingen, die inherent zijn aan XPS-metingen rechtvaardigen niet de 
conclusie omtrent het aanwezig zijn van amideresonantie in de door Tsuchiya 
et al. onderzochte verbindingen, zeker ook gezien het beperkte aantal. 
Vergelijkend onderzoek aan een grote reeks verbindingen kan een uitkomst 
bieden. 
S. Tsuchiya, M. Seno en W. Lwowski, J. Chem. Soc., Chem. Commun., 
875 (1982) 
4. De door Capon et al. gevonden resultaten in de zuur-gekatalyseerde 
hydrolyse van vinylorthoesters sluiten C-protonering geheel uit. 
B. Capon, D.S. Rycroft, T.W. Watson en C. Zueco, J. Am. Chem. Soc, 103, 
1761 (1980); J.E.W. van Melick, J.W. Scheeren en R.J.F. Nivard, 
Red. Trav. Chim. Pays-Bas, 52, 775 (1973) 
5. Bij de interpretatie van het oplosmiddeleffect op de E, houden Messina en 
Gritzner geen rekening met het feit dat de E, van een irreversibele 
overgang uitsluitend kinetisch bepaald is. 
A. Messina en G. Gritzner, J. Electroanal. Chem., 101, 201 (1979) 
De door Antonioletti et al. gevonden fotochemische omzetting van trans-
eendicarbonylverbindingen in de overeenkomstige dihydrodimethoxyfuranen 
is slechts van retro-synthetisch belang. 
R. Antonioletti, M. D'Auria, G. Piancatelli, S. Santucci en A. Scettri, 
Tetrahedron Lett., 23, 2981 (1982) 
Het feit, dat zoveel deskundigen het oneens zijn over het al dan niet 
veilig kunnen functioneren van kerncentrales, is een reden om van het 
gebruik hiervan voorlopig af te zien. 
In België mag niets, maar kan alles; in Nederland ís het omgekeerd. 
J.W.A. van der Velden, 
Nijmegen, 25 februari 1983. 

